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PHORETIC DISPLAY DEVICE WITH LIQUID CRYSTALLINE SUSPENSION MEDIUM, AND 

MANUFACTURING METHOD 



The present invention relates to phoretic display devices, and in particular to 
electrophoretic and magnetophoretic display devices which exhibit non-linear electro- 
5 optic and magneto-optic behaviour respectively. The present invention also relates to a , 
method of fabricating an electrophoretic display having non-linear electro-optic 
behaviour. 

Phoretic displays typically comprise a suspension layer containing finely divided 
10 phoretic particles dispersed within a liquid suspension medium. The spatial distribution 
of the phoretic particles within the suspension layer may be altered by applying a 
magnetic or electric field to the device. The particles migrate within the device under 
the influence of the applied field. 

15 Conventional electrophoretic displays comprise a suspension layer containing finely 
divided electrophoretic particles dispersed within a liquid suspension medium. Such 
electrophoretic displays operate on the principle that the spatial distribution of the 

m 

electrophoretic particles within the suspension layer may be altered via an electric 
potential applied to the device. The electric potential is usually applied to the 

20 suspension layer using electrodes deposited on or near the front and rear surfaces 
respectively of the display. Using this configuration the electrophoretic particles may be 
encouraged to migrate between the front and rear surfaces of the display in response 
to the applied electric potential. An accumulation of the electrophoretic particles near 
the front or rear display surface alters the optical reflective properties of the suspension 

25 layer in that region and in this manner an image may be formed on the display. 



A generic advantage of such electrophoretic displays is the ability to produce high 
contrast images without the use of polarising filters In the construction of the display. 

30 The structure and principle of operation of such an electrophoretic display is described 
in detail in U.S. Pat. No. 3,668,106. The electrophoretic display panel comprises a cell 
formed by two opposed transparent insulating substrates which have transparent 
electrodes formed thereon respectively, and an electrophoretic suspension, which 
consists of fine particles of coloured electrophoretic material suspended in a coloured 

35 suspension medium. In said cell. When a D.C. voltage is applied to the cell, the 
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particles are moved and deposited on one electrode according to the polarity of the 
electrophoretic material. The image formed by the accumulation of the electrophoretic 
material is observed by reflective light 

5 The display described in U.S. Pat No. 3,668,106 exhibits some temporary stability in 
that the deposited electrophoretic material will stay on the electrode even after removal 
of the applied electric field. However the long term permanence of such a display is 
doubtful since the electrophoretic material merely adheres to the electrodes due to Van 
der Waals attraction and electrostatic forces. 

10 

A major limitation associated with conventional electrophoretic displays of the type 
described in U.S. Pat No. 3,668,106 is that the Van der Waals forces can cause the 
particles of electrophoretic material within the suspension to adhere to one another, 
thereby compromising the stability of the suspension. In the long term, this can lead to 
15 failure of the display due to precipitation of the particles from the suspension. 

If the display device is made such that there Is no Van der Waals adhesion, then the. 
electro-optical characteristics of the display preclude matrix multiplexing of cells within 
the display. Matrix multiplexing typically involves a plurality of electrodes arranged 
20 respectively in rows and columns on opposing internal surfaces within a display. The 
cells in a matrix multiplexed display are an-anged at the positions where the row and 
column electrodes overiap and each cell is addressed by applying an electric potential 
via the appropriate row and column electrodes. 

25 The above mentioned limitation is caused by a characteristic of the conventional 
electrophoretic cell whereby the change of optical state depends on the product of time 
and voltage. That is, nearly any small voltage across a cell will cause It to eventually 
change its optical state. The magnitude of the applied voltage merely affects the time it 
takes for the optical change of state to occur. Furthermore, ihe effect of repeated 

30 application of a small electric potential is cumulative and with sufficient cumulative volt- 
seconds applied a given picture element (pixel) in the display will change its optical 
state. This prevents passive matrix multiplexing. 

One fundamental requirement of a display cell when utilised in a passive matrix 
35 addressing fashion is to exhibit a definite threshold, that is a highly non-linear electro- 
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optic behaviour. When a voltage below the threshold value Is applied to the cell 
repeatedly, the optical state of the cell must not change. However, when a voltage 
above the threshold value (for example twice the threshold value) is applied, the cell is 
required to quickly change its optical state. If this condition is not met, then the display 
5 will show severe crosstalk. That is, elements that are not required to produce a picture 
will begin to turn on and elements that are a requisite part of the picture may begin to 
turn off. 

Despite the above mentioned limitation of the electrophoretic cell, several methods 
1 0 have been developed for incorporating a threshold effect in the cell. 

Firstly, Van der Waals forces may inherently introduce a threshold effect in the cell. 
However, the foregoing paragraphs have already indicated that Van der Waals forces 
compromise the lifetime of the device. Accordingly, Van der Waals forces do not offer a 
15 practical solution for incorporating a threshold effect in the electrophoretic cell. 

■ 

By way of another example, it Is possible to connect In series with the electrophoretic 
cell another device that exhibits a non-linear electrical characteristic, thereby providing 
non-linear electro-optic behaviour. Typically, such non-linear devices may include 
20 diodes, zener diodes and varistors. 

Unfortunately, the use of non-linear devices within the display increases the complexity 
and hence cost of the overall display. The reliability of the display may also be reduced 
due to the additional components. 

25 

Alternatively, an active matrix of thin-film transistors may be employed to switch 
individual cells within a matrix display. In the case of thin-film transistors used for active 
matrix addressing of displays, the physical size of the transistors imposes a limitation 
on the arrangement of the pixels In the display and restricts the resolution of the 
30 display. 

An electrophoretic display which inherently exhibits non-linear electro-optic behaviour 
is therefore preferred. 

35 An invention aimed at solving this problem is described in U.S. Pat. No. 4,305,807. 



wo 2004/015491 PCT/GB2003/003512 

-4- 

The display described in U.S. Pat. No. 4,305,807 utilises a liquid crystal material as the 
suspension nriedlum within the electrophoretic cell. The cell is configured such that the 
orientation of the liquid crystal molecules within the cell may be altered in response to 
an applied electric potential. The applied electric potential must however exceed a 
5 critical threshold level for the liquid crystal molecules to change their orientation. 
Hence, the definite threshold potential required to re-orientate the liquid crystal 
molecules within the cell enables X-Y matrix selection of cells within the display. 

The display operates on the principle that the viscosity of the liquid crystal suspension 
1 0 medium, as experienced by the electrophoretic particles, varies as a function of the 
orientation of the liquid crystal molecules within the cell due to its anistropic properties. 

Accordingly, the apparent viscosity of the suspension medium may be spatially 
modulated in sympathy with the re-orientation of the liquid crystal molecules upon the 
1 5 application of an electric potential to the display. . 

When the apparent viscosity of the suspension medium is high, movement of 
electrophoretic particles in that region of the display is impeded by the orientation of the 
liquid crystal molecules. The mobility of the particles within the suspension medium is 
20 therefore reduced. Conversely, when the apparent viscosity of the suspension medium 
is low, movement of electrophoretic particles in that region of the display is not 
impeded by the orientation of the liquid crystal molecules. In the latter case the mobility 
of the particles is increased and the particles, may move within the suspension medium 
under the influence of the applied electric potential. 

25 

The anisotropic viscosity of the liquid crystal suspension medium provides a 
mechanism to control the movement of the electrophoretic particles within the display. 

Whilst U.S. Pat. No. 4,305,807 enables X-Y matrix selection of cells within the 
30 . electrophoretic display, the performance of the display may be limited by the 
configuration adopted. For example, the apparent viscosity of the liquid crystal 
suspension medium in the display merely hinders the migration of the electrophoretic 
particles in the display in the response to the applied electric field, it does not preclude 
the movement of the electrophoretic particles. Hence, the display may still exhibit a 
35 degree of crosstalk. 
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EP 1,154,312 describes an optical switching device having a similar configuration to 
that used in U.S. Pat No. 4,305,807. The optical switching device described in 
EP 1,154,312 comprises an insoluble light-control medium dispersed wthin a liquid 
5 crystalline material. In common with U.S. 4,305,807, application of an electric field to 
the device causes the orientation of the liquid crystal molecules in the liquid crystalline 
material to change, thereby enabling movement of the light-control medium within the 
device. This causes a change in the distribution density of the light-control medium in 
the liquid crystalline material layer. 

10 

In contrast to U.S. 4,305,807, the principle cause of movement of the light-control 
medium Is flow of the liquid crystalline nriaterial Induced by the electric field applied to 
the device. Typically such flow is caused by the injection of ions into the liquid crystal, 
which is known to lead to long term degradation of the liquid crystal material. 

15 

It is an object of the present invention to ameliorate at least some of the disadvantages 
of the above displays and to provide an improved electrophoretic display. It is another 
object of the invention to provide an electrophoretic display which exhibits non-linear 
electro-optic behaviour and which may be addressed using X-Y matrix selection of cells 
20 within the device. It is a further object of the present invention to provide a method of 
fabricating an electrophoretic display having non-linear electro-optic behaviour. 



I 
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According to a first aspect of the present invention, a phoretic cell comprises a liquid 
crystal cell having a liquid crystal material and a phoretic particle therein, the phoretc 
particle being moveable from a first preferred position at a first side of the liquid crystal 
cell to a second side of the liquid crystal ceil on application of a field. 

^ the liquid crystal cell being adapted such that, when the phoretic particle is not located 
at the first preferred position, there is a defect associated with the first preferred 
position and the liquid crystal defect energy of the defect is lower when the phoretic 
particle is located substantially at the first preferred position within the liquid crystal cell 

1 0 than when the phoretic particle is not so located. 

In a prefen-ed embodiment, the applied field must exceed a threshold level to move the 
phoretic particle from the first preferred position to the second side of the liquid crystal 
cell. 



15 



A defect, sometimes called a disclination. may be thought of as a discontinuity in the 
orientation of the liquid crystal molecules as described by the liquid crystal director. In 
the region immediately sun-ounding the defect the liquid crystal alignment is highly 
distorted from its lowest energy state, where the director is parallel everywhere. Hence. 
20 there is a large amount of elastic energy associated with the defect For the purposes 
of this patent specification this elastic energy will be known as the defect energy. 

Defects can take different fomis depending on the type of distortion of the liquid crystal 
surrounding them. Typically defects are categorised by how much and in what direction 

25 the orientation of the liquid crystal director rotates around a path enclosing the defect 
In this way positive and negative sign defects can be defined where the director rotates 
in opposite senses and the degree of rotation governs the magnitude. This value is 
known as the defect strength and can be positive or negative. Two defects of opposite 
sign will attract each otiier and by moving their centres will mutually reduce tiieir elastic 

30 energy. This attraction can continue to the point at which the defect centres combine to 
leave a defect with a strength equal to the sum of the strengths of the original two 
defects; negative and positive strengths then cancel. In the case where two defects are 
equal and opposite in strength then the defects effectively annihilate each other leaving 
no residual defect 

35 
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The defects within the liquid crystal material are configured to attract the phoretc 
particles dispersed therein; each defect giving rise to an associated region of influence 
within the liquid crystal material. Once within a particular region of influence, a phoretic 
5 particle Is attracted towards the defect associated with that region of influence. If 
unobstructed, the phoretic particle will move within the region of influence to adopt a 
preferred position where the elastic energy due to the defect is minimised. 

The term "associated" has been used in the foregoing to describe the relationship 
10 between the defect, the region of influence exerted by the defect within the cell, and the 
preferred position within the cell arising due to said defect (e.g. the first prefened 
position). This nomenclature has been used to convey the fact that, in some 
circumstances it may be impossible for the particle to reach the position of the defect 
centre since the particle may be hindered by the cell wall. There will still, however, be a 
1 5 position of the particle that minimizes the elastic energy of the system. 

in some cases, but not exclusively, the above hindrance by the cell wall may be due to 
the defect being "virtual". A virtual defect is where the defect centre is actually outside 
the region of the liquid crystal but it still exerts Influence on the behaviour of the liquid 
20 crystal. This influence is brought about by the alignment of the liquid crystal at the 
surface into which the virtual defect is hidden. Typically, a virtual defect may occur in 
cases where the surface anchoring energy is weak or the surface has a non-zero 
pretilt. 

25 in the interests of clarity, where there is a reference to a defect In this patent 
specification, said defect may be a virtual defect hidden in a surface or a conventional 
defect within the liquid crystal material. 

Hereinafter, each defect In the system shall be similarly described as associated with 
30 the preferred position within the cell arising due to said defect. 

In the present invention, the presence of the phoretic particle distorts the alignment of 
the liquid crystal material In the vicinity thereof and hence the phoretic particle acts as a 
mobfle defect or collection of defects within the system. 

t 

35 
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,n the case of the present liquid crystal cell, the defect associated with the first 
preferred position and the defect associated with the phoretic particle are arranged to 
have opposite signs. Hence, the defects attract each other and by movement of the 
phoretic particle will mutually reduce their elastic energy. 

When the phoretic particle is in the bulk of the liquid crystal material it is relatively free 
to move under the influence of the applied field. However, when the particle is wth.n 
the region of influence of another defect in the liquid cnrstal material, an Interacton 
occurs between the defects, thereby reducing the liquid crystal defect energy 
10 associated \Anth said defects. 

The liquid crystal defect energy of the defect associated with the first prefen-ed position 
is therefore minimised when the defect associated with the phoretic particle and the 
defect associated with the first preferred position are superposed. Where the geometry 
15 of the system allows, the defects interact to such an extant that they may be sa.d to 
effectively annihilate. In this situation the term "defect" shall refer to the core where the 
defect associated with the first pr^eferred position originally arose. 

Therefore, the first preferred position,may be that where the defect or collection of 
20 defects associated therewith is superposed with the defect associated with the phorefc 
particle. However, the geometry of the liquid crystal cell and the geometry of the 
phoretic particle may not allow such superposition. In this case, the position of the 
phoretic particle in which the liquid crystal defect energy is minimised (which is ttie first 
preferred position) will be located in the vicinity of the defect and will be dictated by tiie 
25 cell geometry. 

The present invention provides the advantage that when the defect associated with the 
phoretic particle interacts with the defect associated witii the first preferred position. ti.e 
phoretic particle will tend to be attracted to and adhere to ti.e first preferred position. 
30 Furthem^ore. the applied field must exceed a threshold level for sufficient time in order 
to move the phoretic particle from the first preferred position to Ihe second s,de of the 
liquid crystal cell. This provides a non-linear characteristic for moving tiie phoretic 
particle from the first preferrBd position within tiie liquid crystal cell to the second side 
of the liquid crystal cell. 

35 
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Preferably the phoretic particle is moveable reversibly from a second preferred position 
at the second side of the liquid crystal cell to the first prefenred position at the first side 
of the liquid crystal cell on application of a field. 

5 the liquid crystal cell being adapted such that, when the phoretic particle is not located 
at the second preferred position, there is a defect associated with the second preferred 
position and the liquid crystal defect energy of the defect is lower when the phoretic 
particle Is located substantially at the second preferred position within the liquid crystal 
cell than when the phoretic particle is not so located. 

in a preferred embodiment, the applied field must exceed a threshold level to move the 
phoretic particle from the second preferred position to the first preferred position withm 
the liquid crystal cell. 

m a similar manner to that discussed above, the liquid crystal defect energy associated 
with tiie second preferred position may therefore be minimised when \he defect 
associated with the phoretic particle and the defect associated witti tine second 
preferred position are superposed. Where ttie geometry of tiie system allows, the 
defects interact to such an extent that they may be said to effectively annihilate. In this 
situation ttie temi "defect" shall refer to the core where ttie defect associated with ttie 

* 

second prefenred position originally arose. 

By reversing tiie polarity of the applied field, tiie phoretic particle is fansferable from 
ttie first prefen-ed position to the second preferred position and vice versa. 



15 



20 



25 



This embodiment of the present invention provides the advantage that when tiie defect 
associated witti ttie phoretic particle interacts witti the defect associated with the 
second preferred position, the phoretic particle will tend to be attracted to and adhere 
to tiie second preferred position. Accordingly, in this embodiment of tiie present 
30 invention the phoretic particle Is moveable between two stable positions, namely at the 
first and second preferred positions respectively within the liquid crystal cell. 

Furthermore, the applied field must exceed a threshold level for sufficient time in order 
to move tiie phoretic particle from tiie second preferred position to the first preferred 
35 position within the liquid crystal cell. This provides a non-linear characteristic for 
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™ving the phoretlc particle f«,m the second preferred position within the nquld crystal 
cell to the first preferred position within the liquid crystal cell. This configuratran ateo 
p^vides the advantage that the phoretlc particle is moveable re««rsibly betweerr the 
flret and second preferred positions within the liquid crystal cell by reversing the poianty 

5 of the applied field. 

Advantageously the magnitude of the threshold level associated wrth moving the 
phoretlc particle from the first preferred position to the second preferred position w.th.n 
the liquid crystal cell is different to that for moving the phoretic particle from the second 
1 0 preferred position to the first preferred position within the liquid crystal cell. 

i 

The above mentioned difference in the magnitude of the threshold levels results in 
asymmetric switching thresholds depending on the poianty of the field applied across 
the liquid crystal cell. Where there' Is a requirement to control a plurality of such 
15 phoretic cells, for example in a multi-cellular display, such asymmetry facilitates 
multiplexed matrix addressing and allows a technique known as line ahead blanking to 
be used to address the cells. 

,n a preferred embodiment, the phoretic cell has a plurality of first preferred positions at 
20 the first side of the liquid crystal cell, each first preferred position having a defect 
associated ti^erewith. and a plurality of phoretic particles dispersed within the hqu>d 
crystal material. The phoretic cell may have a plurality of second preferred positions at 
the second side of the liquid crystal cell, each second preferred position having a 
defect associated tiierewith. At least one internal surface of the liquid crystal cell may 
25 be profiled so as to induce said defects. 

When configured as described above, each phoretic particle within the phoretic cell is 
moveable between the first and second preferred positions associated therewith and .n 
this manner the cell may be spatially modulated. The above phoretic cell may therefore 
30 be used as a multi-cellular phoretic display. 

This embodiment of ti.e present invention is beneficial in that the defects are Induced in 
a controllable manner by profiling at least one internal surface of the liquid crystal cell. 
A surface alignment treatment may also be applied to the at least one internal surface 
35 of the liquid crystal cell in order to provide a preferred orientation of the liquid crystal 
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material. For example, a surface allgnrr^ent treatment giving essentially non 
homeotropic anchoring conditions may be used. A suitable surface treatment is one .n 
which a tangential component of the liquid crystal director is encouraged, providing a 
tilted or planar alignment. A surface alignment treatment may also be applied to the 
5 phoretic particles within the liquid crystal cell. Again, a surface alignment treatment 
giving essentially non homeotropic anchoring conditions may be used on the phoretic 
particles. 

Advantageously, the profile comprises a plurality of indentations anranged in an anray. 
Conveniently, the indentations are arranged in a regular array. 

Conveniently, the an-ay comprises a two-dimensional anray and the indentations are 
arranged in a close-packed configuration therein. The indentations may be arranged m 
a hexagonal close-packed configuration within the array. In the Interests of clanty. use 
of the temis close-packed and hexagonal close-packed herein to describe the 
an-angement of the indentations within the array is analogous to their conventional use 
in describing crystal lattice structures. 

20 Preferably, the indentations comprise substantially semi-ellipsoidal indentations. 

Even more preferably, the indentations comprise substantially semi-spheroidal 
indentations. 



10 



15 



25 



Advantageously, the indentations comprise substantially semi-spherical indentations. 



Even more 
indentations. 



advantageously, tiie indentations comprise substantially hemispherical 



30 The prefix "semi" as used in the context of tills specification shall be taken to define a 
part or portion of a geometric shape to which it is applied, without limitation to that 
portion being a half; for example a semi-spheroid shall define a portion of a spheroid 
(said portion not being limited to a half). Where the portion of a geometric shape 
comprises substantially a half of said shape, then the prefix "hemi" has been used 
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herein in preference to the more generic prefix W; for example the term 
"hemisphere" shall define substantially half of a sphere. 

Preferably, the indentations are arranged at a pitch, p. within the array and each 
5 indentation has a depth, d. In the interests of clarity, the tern, pitch used hereinafter 
shall refer to the distance between successive indentations within a regular array. 

Even more preferably the ratio of the depth of the Indentations, d. to the pitch of the 
indentations, p, is at least a quartier. 

10 

In a prefen-ed embodiment, the pitch of the indentations, p, is in the range 2-50 //m. 
Preferably the pitch of the Indentations, p, is in the range 3-30 jjm. 
15 Even more preferably the pitch of the indentations, p. is in the range 4-15 urn. 

In a prefen-ed embodiment, the diameter of the phoretlc particle is in the range 0.5 to 
0.9 times that of the pitch of the indentations, p. 

20 Preferably, the diameter of the phoretic partide is in the range 0.7 to 0.8 times that of 
the pitch of the Indentations, p. 

Where the phoretic cell contains a single phoretic particle, the liquid crystal cell may 
comprise a liquid crystal droplet. Advantageously, the phoretic cell comprises a plurality 
25 of liquid crystal cells, each liquid crystal cell comprising a liquid crystal droplet. 

The arrangement of the liquid crystal cell in the fomn of a liquid crystal droplet or a 
plurality of liquid crystal droplets facilitates production of said liquid crystal cells. 

30 The liquid crystal droplets may be substantially spherical, each liquid crystal droplet 
having a length. L. equal to the droplet diameter D. 

Conveniently, the liquid crystal droplets are substantially prolate spheroids, each liquid 
crystal droplet having a length. L. measured along the major axis and a diameter. D. 
35 measured along the minor axis of the liquid crystal droplet, and ttie first and second 
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preferred positions are arranged substantially in opposition along the major axis of 
each liquid crystal droplet 

In a preferred embodiment, the length. L. of the liquid crystal droplet is in the range 1- 
5 30 fjm. 

Preferably the length. L. of the liquid crystal droplet is in the range 5-20 pm. 

preferably the length. L, of the liquid crystal droplet is in the range 10-15 



Even more 
10 //m. 

ir. a preferred embodiment, the diameter of the phoretic particle is in the range 0.2 to 
0.8 times that of the liquid crystal droplet 

1 5 Preferably, the diameter of the phoretic particle is in the range 0.3 to 0.7 times that of 
the liquid crystal droplet. 

Even more preferably, the diameter of the phoretic particle is in the range 0.4 to 0.6 
times that of the liquid crystal droplet 



20 



25 



30 



35 



Advantageously, the or each liquid crystal cell includes a dye. Conveniently, the or 
each liquid crystal cell includes an oil soluble dye. The dye may comprise at least one 
of a dichroic dye. an azo dye. an anthraquinone dye. a phanmaceutical dye. a cosmetic 
dye a food dye. l.hydroxy-4-[(4-methylphenyl)aminol-9.10-anthracenedione, 2-(2- 
quirlolyl)-1.3-indandione. l.4-bis[(4-methylphenyl)aminol-9.10-anthracenedione. 1-[[4- 
(phenylazo)phenyllazol-2 naphthalenol. solvent black 3. solvent black 5. solvent black 
7 solvent black 12. solvent black 28. solvent blue 4, solvent blue 14. solvent blue 19. 
solvent blue 29. solvent blue 35. splvent blue 36. solvent blue 37. solvent blue 38. 
solvent blue 43. solvent blue 59. solvent blue 78. solvent blue 97. solvent blue 104. 
solvent brown 1. solvent brown 53. solvent green 1, solvent green 3. solvent green 4. 
solvent green 5. solvent green 7. solvent green 1 1 . solvent green 28. solvent orange 1 . 
solvent orange 2. solvent orange 7. solvent orange 15. solvent orange 20. solvent 
orange 23. solvent orange 60. solvent orange 63. solvent orange 105. solvent red 3. 
solvent red 19. solvent red 23. solvent red 24. solvent red 26. solvent red 27. solvent 
red 41 solvent red 43. . solvent red 44. solvent red 45. solvent red 49. solvent red 72. 
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solvent red 111. solvent red 135. solvent red 140. solvent red 179. solvent red 195. 
solvent red 207. solvent violet.8. solvent violet 13. solvent violet 37. solvent violet 59. 
solvent yellov. 1 . solvent yellov. 2. solvent yellow 3. solvent yellow 7, solvent yellow 14 
solvent yellow 33. solvent yellow 72. solvent yellow 93. solvent yellow 94. solven 
5 . yellow 98. solvent yellow 114. solvent yellow 141. solvent yellow 160. and solvent 
yellow 163. 

,n a preferred embodiment, the or each phoretic particle is adapted to reflect 
- electromagnetic radiation incident thereon. 



10 



Advantageously, the or each phoretic particle has a reflective coating comprising at 
least one of a metallic coating and a dielectric coating. 

In another preferred embodiment the or each phoretic particle comprises a composite 
15 particle having a plurality of scattering particles adapted to scatter electromagnetic 
radiation incident thereon dispersed within a carrier. The carrier may compnse, a 
polymer, for example polymethyimethacrylate (PMMA). The scattering particles may 
comprise titanium dioxide CTiOa). Altematively. or in addition, the scattering particles 
may comprise polymer spheres, each polymer sphere incorporating at least one of a 
20 gas cavity and crushed diamond. 

The composite phoretic particle maximises scattering of light thereby providing good 
reflectance. This is a particularly desirable property when the phoretic cell is used in a 
display device. 



25 



The applied field may be at least one of an electric field and a magnetic field. 



According to a second aspect of the present Invention, a method for fabricating a 
phoretic cell having a plurality of first prefen-ed- positions at the first side of the liquid 
30 crystal cell and a plurality of phoretic particles suspended within a liquid crystal 
suspension medium, comprises tiie steps of 

(i) preparing a first substrate having a first relief structure alignment layer adapted to 
interact with the liquid crystal suspension medium to provide a preferred alignment 
35 of the liquid crystal director within the phoretic cell, 
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(ii) forming a plurality of indentations within the relief structure alignment layer, each 
indentation having an Intemal surface extending from a relief structure surface of 
the relief structure alignment layer, 

5 

(iii) depositing the phoretic particles onto the first relief structure surface, 



(iv) incorporating the liquid crystal suspension medium into the cell. 

1 0 Advantageously, where the phoretic cell has a second preferred position at the second 

side of the cell, the method further comprises the steps of 

'* . 

(v) preparing a second substrate having a second relief structure alignment layer 
adapted to interact with the liquid crystal suspension medium to provide a 

1 5 preferred alignment of the liquid crystal director within the phoretic cell, 

(vi) forming a plurality of indentations within the second relief structure alignment 
layer, each indentation having an internal surface extending from a relief structure 
surface of the second relief structure alignment layer, 

20 

(vii) arranging the second substrate remotely to the first substrate such that the relief 
structure alignment layer thereof interacts with the liquid crystal suspension 
medium to provide a preferred alignment of the liquid crystal director within the 
phoretic display. 

25 

Preferably, thfe method comprises the step of arranging each indentation in the relief 
structure surface of the first relief structure alignment layer substantially opposite a 
corresponding indentation in the relief structure surface of the second relief structure 
alignment layer, said indentations forming an opposing pair of indentations. 

30 

Even more preferably, the method comprises the step of arranging a phoretic particle 
within each opposing pair of indentations. 
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Conveniently. at least one of the first and second substrates comprises at least one of 
a polymer and a pre-polymer and the step of forming the plurality of indentations wrth.n 
the relief structure surface comprises an embossing process. 

5 Alternatively, at least one of the first and second substrates comprises a photo-polymer 
and the step of fomiing the plurality of Indentations within the relief stmcture surface 
comprises a photo-lithographic process. 

According to a third aspect of the present invention, there Is now proposed a display 
10 having a first display surface for displaying an image, comprising a phoretic cell 
according to the first aspect of the present invention. 

wherein the phoretic cell is arranged within the display such that the or each first 
prefen-ed position within the liquid crystal cell is located substantially at the first display 
15 surface, 

the display being operable by the application of a field aaoss the display. 

This arrangement of the phoretic cell within the display provides^he advantage that the 
20 or each phoretic particle reflects light incident on the first display surface when located 
at the or each first prefened position within the liquid crystal cell. 

The phoretic cell contained within the display operates in the same manner as in the 
first aspect of the present invention. In use. the field applied to the display must exceed 
25 a threshold level for sufficient time in order to move the phoretic particle from the first 
preferred position to the second side of the liquid crystal cell or to the second prefened 
position within the liquid crystal cell. 

. in the case of a phoretic cell having first and second preferred positions, it is sufficient 
30 to merely move the phoretic particle from the region of influence associated with the 
first preferred position to the region of influence associated with the second preferred 
position in order to affect the transfer of the particle between the preferred positions. As 
described previously, this is due to the fact that once within a particular region of 
• influence, a phoretic particle is attracted towards the defect giving rise to that region of 
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Wluenoe. « unobstructed, me phomtio partide ™« move within tt,e region of influence 
,0 adopt a prefemd position where the elastic energy due to the defect is m«m«ed. 

This pravldes a nonlinear characteristic for moving the phoretlc partide from the flrst 
> preferred positlor, within the liquid crystal cell to the second side of the liquid crystal cell 
; second prefen«d position within the liquid crystal cell. 

,n a preferred embodiment, the display has a second display surface disposed 
remotely to the first display surface, and comprises at least one phoretic cell having a 
0 second prefened position at the second side of the liquid crystal cell, 

therein the phoretic cell is arrenged within the display such that the or each second 
prefened position within the liquid crystal cell is located substantially at the second 
display surface, and 

tt,e first ar.d second preferred positions are such that the or each phoretic particle is 
visible at a display surface when located at one preferred position and is not vs.ble at 
said display surface when located at the other preferred position. 

20 This configuration of the phoretic cell within the display provides the advantage that the 
or each phoretic particle reflects light incident on a particular display surface when 
located at one prefened position but does not reflect light incident on that particular 
display surface when located at the other prefen-ed position. Accordingly, the phoretic 
particle or particles may be made visible at a gh^en display surface or alternatively the 

25 particle or particles may be an^nged so that the or each particle is not visible at sa.d 
display surface. 

As above, the phoretic cell contained within the display operates in the same manner 
as in the first aspect of the present Invention. In use. the field applied to the display 
30 must exceed a threshold level in order to move the phoretic particle from the second 
preferred position to the flrst prefen-ed position within the liquid crystal cell. Th,s 
provides a non-linear characteristic for moving the phoretic particle from the second 
preferred position within the liquid crystal cell to the flrst preferred .position within the 
liquid crystal cell. 



35 



wo 2004/015491 



11 

PCT/GB2003/003512 



-18- 



,„ another preferred embodlo^r*. the display comphsee a phore«o cell having a 
^uranty o, llquM cyetal cells, ea* IMd crys^ cell ^mprteins a llQuU. ovsta, drx-plet. 
wherein the liquid crystal droplets are disposed within an encapsulant. 

5 in this embodiment of the present Invention, the display may "^^^ ^ 
enca,«ulated display. For example, the display may comprise a polymer dispersed 

liquid crystal display. 

The encapsulant may comprise at teast one of a then^lly curable polymer, a polymer 
10 curable by electromagnetic radiation and a slUcone elastomer. For example, the 
encapsulant may comprise Dow Coming* Sylgard" 182. 

Advantageously, the display comprises a phoretlc cell having a plurality of liquid cnrstal 
droplets, wherein the liquid crystal droplets are substantially prolate spheroids and are 
,5 arranged such that the major axis of the droplets is substantially orthogonal to a plane 
parallel with the first display surface. 

preferably the display further comprising means for applying at least one of an electric 
field and a magnetic field across the display. For example, the means for applying the 
20 field may comprise an electrode. 

Preferably, the display comprises a plurality of electrodes arranged in rows adjacent 
the first display surface and in columns adjacent the second display surface, the 
intersection of each row and column electK>de defining a pixel within the display, so as 
25 to enable matrix addressing of the pixels within the display. 

The or each electrode may comprise at least one of a metal. Indium Tin Oxide (ITO). 
and a conductive polymer. 

30 Accorxling to a fourth aspect of the present invention a method of fabricating a display 
according to the second aspect of the present invention comprises the steps of 

(i) dispersing a plurality of liquid crystal cells, each liquid crystal cell comprising a liquid 
crystal droplet as described above, into a curable encapsulant. 
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(li) aligning the liquid crystal ceOs into a preferred alignment. 

(iii) curing tl» encapsulant to retain the liquid crystal cells therein. 

5 Advantageously, me nrethod ^ comprises step of applying the dispersion of 
liquid crystal cells and curatjie encapsulant onto a substrate. 

Preferel.ly, the step of aligning the liquid c^i cells Into a preferred alignment is 
Lom,^ after the encapsulant has been a«Bd and o^prtees the step of expa,^.^ 
10 ^ried encapsulant in a dIrecUon substanUaliy perpendicular to the substrete, 

perper^ioular lo the subsets. The step o, expanding the cured --^"^ 
comprise introdudng a material Into me .^red encapsulant so as to cause me cured 
encapsulant to ^11. The expansion of me encapsulant forces each of me liqurd crystal 
15 cells to adopt a substantia«y prolate spheroid configuration. Addl«ona«y. the major 
of me cells is ananged to be substanUally ormogonal to a plane parallel w,m me 

substrate. 

Altemaavely, the memod comprises me intem^diate steps of reverelbly defom-ing the 
substrate In me plane of me substrate prior to curing me encapsulant and subsequently 
returning me substrate to its undefomied state after curing me encapsulant, so as to 
perfom, me step of aligning ma liquid crystal ceils, su* mat me cured --Psulan, and 
L liquid crystal ceils dispersed merein are compressed In a plane parallel v«m mat of 
the substrate. 

compressing me liquid crystal cells in a plane parallel «im mat of me -'-'^^ 
each of me cells to adopt a substantially prelate spheroid configuret»n. Addrfona V. 
me malor axis of me cells is arranged to be substan«ally orthogonal to a plane parellel 
with the substrate. 

conveniently, me step of reversibly deforming me substrete comprises at least one of 
heating and stretching the substrate. 
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The invention will now be described, by example only, with reference to the 
accompanying drawings in which; 

Figure 1 shows a schematic cross sectional representation of conventional 
5 electrophoretic display common in the prior art, 

Figure 2 shows a schematic representation of a conventional electrophoretic display for 
displaying alpha-numeric characters, 

10 Figure 3 shows a schematic representation of a surface relief suitable for an 
electrophoretic display according to the present invention. The means for applying the 
electric potential to the display have been omitted from the figure for danty. 

Figure 4 shows a graph of the elastic energy within an electrophoretic ceil according to 
15 the present Invention as a function of distance from a defect therein, in this example, 
the electrophoretic cell comprises a single defect and a single phoretic particle. 

Figure 5 shows a schematic cross sectional representation of a bistable electrophoretic 
display according to the present invention. The means for applying the electric potential 
20 to the display have been omitted from the figure for clarity. 

Figure 6 shows a graph of the elastic energy within a bistable or multistable 
electrophoretic cell according to the present invention as a function of distance 
between two opposing defects. In tt^is example, the electrophoretic cell compnses two 
25 opposing defects and a single phoretic particle arranged there-between. 

Figure 7 shows a cross sectional schematic representation of a micro-encapsulated 
electrophoretic display according to the present invention. A single microencapsulated 
droplet Within the display is shown for clarity. The liquid crystal director alignment in the 
30 micro-encapsulated droplet and on particle of electrophoretic material is illustrated. 

Figure 8 shows a cross sectional schematic representation of a micro-encapsulated 
electrophoretic display during operation. A single micro-encapsulated droplet within the 
display is shown in each of figures 8a-8d for clarity. 
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Figure 9 shows a cross secUonal sdWio .ep^senMon of a corrposite 

electrophoretic particle. 

ngu,B 10 sho« a process for p^panng par«ctes of elec»ophoreflo material f^ 
5 mcorporaaon Into a mioro^ncapsOated eleotropho-etic display. F,9U>e 10a ,s a 
llsn inus.,.«ns a p^cess for ln^r«ng hydrophobic p,oper«es >o Pa*^- ^ 
elecuophoretic r,«terial. Figure 10b Is a flowchart illustratihg a process fbr ^^''^^ 
o^nposite elecM.ho««o partide incorporating the hydrophlc partldes praduced by 
the process of figure 1 0a. 

Bgu« 11 shows a flowchart Illustrating a process for preparing capsules containing 
liquid crystal (having an electmphore«c particle disper^ <i^) for use in a n„cn> 
encapsulated electrophoretic display. 

15 Figure 12 shows a Howdiart illustrating an alten«tive process for preparing capsules 
oTntaWng liquid crystal (having an electrophoretic partide dlsper^d therein) for use « 
a microencapsulated electrophoretic display. 

Figure 13 shows a flowchart Illustrating a process for fabricating a mlc.«nca,»ulated 
20 electrophoretic display incorporating the capsules produced by the process of flguro 

12. 

Figure 14 shows a cross sectional schematic representation of a portion of a micro- 
encapsulated electrophoretic display according to the present invention. 

25 
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fom,^ by ^ opposed ^ansparen. ins^a«„g sut».ra.as <f J^J^^ 
te„spa»nt elecfcodes (4a,4b) fom,ad respectively thereon, and an etec*ropt»«^ 
suspension layer (5), which cc^iats of f,ne par«des o. eiecUopho«^c ma^al (6 
5 suspended In a suspension n«d,un, (7). in ^ ceil, T>a=lcal,y the ^ 
electrophore^c n^teriai (8) sre anar^ed to be a contrasBng colour to tha, o me 
suspension medlun, (7). When an electric potential (8) Is applied to the »11 (?K «« 
elecsophoretic particles (6) are moved and deposited on one <'^-2 
acco^lng to the polarity of the ele*opho«ttc n«tertal (6), and the thus <o^^ 
, 0 (9) IS Observed by reflective light (10). The thickness of the suspension layer (5) can be 
arUhere ^ a few mloometres (^) to several tens of micrometres fcm,) and the 
display is usually operated by a D.C. voltage. 

,n p^ctice the transparent Insulating substrates (3a.3b) within me cell '--^ -^^ 
15 iwo glass plates separated by a spadr^ of around 50pm and sealed a^und me edfles _ 
The electrodes (4a,4b) on me Inside of me glass plates may be fom»d by means of 
transparent Indium tin oxide (ITO) layers. 

- » the eleolrophoretic particles (6) are micromet^sized and have a density comparable 
20 to me density of me liquid suspension medium (7), mey will remain in suspe,«,on f« 
Inded pels of time *»utset.lng out ,n me above d^ay applica^on. me l,q-d 
suspension medium (7) may be dyed some dark colour, e.g. ^^ J^^\^ 
etectophoretlc particles (6) ^11 be a contrasUng colour to the mat of me qu^ 
suspension medium (7). For example, titanium dtoxkte may be used for me 
25 eledrophoretic material due to its high scattertng power, giving good reflectance. 

,n me unenergised state, the coil appears black. I.e.. me colour the liquid s^pens^ 
n»dium (7). When an electric poten«a, (8) Is app« to me <;>»-7 ^'^^^ 
(4a.4b). me elect™phore«c particles (6) morale to one substrate wa (3a 3b) and 
30 cause »e external appea^ce of mat substrate wall (3a.3b) to change to whrte^i me 
electric potential (8) is now amoved, me particles continue to stay on me subs^ 
wall (3a 3b) due to Van der Waals attraction and electrostatic fon:«s. A reversal of me 
l^ty of applied electric potential (8) causes me eledrophoretic particles (8) to leave 
me substrate wail (3a.3b) and travel to the opposite substrate wall. 
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to Flgu.^ 2, « me decrode (4a,4b, on one subsf-e w^, (^aj*) 
shape of a d,araoter (11). *.en that chamder (11) can be made to appea a«emate^ 
*e above sequenoe of eteotrto potonUals (8) applied. Simple d«plays having 
save,.. a*>ha^umerto oharacto. (11) per display have been fabricated for iabonatory 
5 demonstrations. In each case every segment (12) of even, charade, (11) « dnven 
individually by a separate driver circuit (13) or driver circuits. 

The nom,al electro<,ptlcal behaviour of such a display (1) nomially does not make 
possible matrix multiplexing of cells. This is caused by a cha,«tens.o of the 
1 0 eleo.rophore.ic cell (2) «he«by *e change of optical state is dependent on the pmdu^ 
of time and voltage. That is, nearty any small voltage across a cell w.11 cause it to 
eventually change its optical state. 

The device can however be designed with a signmcant Van der Waals force adhering 
1 S the particles to Bie substrates and / or each ofter to provide some mreshoid behav^ur. 

This adhesive force is men very sensi.«e to contemlnatlon and ft^ically the suspension 
of the particles eventually fails leading to flocculation of the partdes and overall device 



failure. 



0 Referring to Figure 3. an embodiment of an electrophoretic display according to me 
p,«en. invention comprises an electrophoretic system in which particles of an 
electrophoretic material (6) am suspended in a suspension medium (7) compnsing a 
nquld crystel material (20) and where the geometry of *e system Is ananged to 
premote defect (21) wrthln the liquid crystal materia. (20). A defect (21) may be 
25 mought of as a local break in the orientotional symmetry of the liquid crystel material 
(20) for example a local break In the orientetlonai order of the Ikiuid crystal director 
such defecte (21) are sometimes referred to as dlsdinaOons In the ikiuid crystel 
material (20). 

30 The defects (21) within the liquid crystal material (20) are configured to attract 
electrophoretic particles; each defect (21) giving rise to an associated reg.on of 
influence within the liquid crystal material (20). 

in this conflguraflon, Ute presence of toe particles of eiedrophoreUc matertal (5) dfetorte 
36 me alignment of me liquid crystel material (20) In me vldnlty of me partldes (0) and 
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hence the particles (6) act as mobile defects (21), or ccllecUdhS of defects, mthin me 
X. When the pLoes o, e.eCophore«c materia are in the hulK C the sus,.n«^ 
Llun, (D mey are relatively free to nK.ve under the influence of an ^^^^ 
potenUd. However, when a partde is within the region of influence ^rtT '^d le 
L IMd crystal material (20), an lhte,ac«on occu,s t»*»een me defect (21) and ^ 
elecophceac particle (6) whereby the parSde (6) is attracted towards me defect 
associated wim mat tegion of influence. If uncbsm^ded, me electrophcreUc partide (6) 
will move wimin me region of influence to adopt a prefened position where me elastic 
energy wimin me system due to the defect (21) Is minimised. 

The total liquid crystal defect enew «imin me system is minimised when me partlcte 
(6) and me defect (21) are as close as possible and in some cases supe^, .n 
Which case me defects or disolinations effecSveiy annihilate. When me defe* (21) 
interact or annihilate, me parUde (6) will tend to adhere to me point in me d^play 
where me defect (21 ) originally occurs or occuned (hereinafter referred to as me defect 

core). 

,n the absence of an applied electric potential, the particle of electrophoretic material 
(6) will tend to remain at a preferred position associated with the defect core ^Ns -s 

, because the energy of the material is lower in this configuration (with the partcie (6^ 
cose to or on top of the defect core) than when the particle (6) is in the bulk l.qu.d 
crystal material (20). This provides the advantage that the long term pemianence of tiie 
image displayed by the device is improved over a conventional electrophorefc display 
where the electrophoretic material merely adheres to the surfaces of the display due to 

:5 van der Waals attraction and electrostatic forces. Flocculation of the electrophoretic 
particles is also reduced, thereby Improving the longevity of the device. 

,n orxler to move the particle of electrophoretic material (6) from the prefen-ed position 
associated with the defect core, an electric potential must be applied to the display 
30 which is sufficient to overcome the potential energy barrier associated with separa .ng 
the defects (21). i.e. in the case where the defects have been annihilated the apphed 
electric potential must be capable of refom^irig a defect (21) at the defect core and at 
the particle of electrophoretic material (6). 
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■ AS dtecussed above, defects Interact ««h each o«»r in order 'o '^"" ^ 
ene™ of .he .iqu.d cysta,. Accordingly the defect associated v^th a parade (6) are 
ZL- by t^e defects associated wHh the preter^d pos«ons in the .„UK. «ys^ 
Z Typicaiiy. in any partcuiar region o, the iiguid cystai ce. one partcuiar defect - 
5 Lil. in th. way the e,as«c energy of «« systen, is ,«.uced t.y n».ng ^e ^ 
(8) towards a defect with opposite strength to the defect(s) assocated wtth the parWe 
6 c«we.«iy v^k must t« done by an applied electric potential to separate the 
parade (6) f^n, a defect to which 1. : attracted. Tl«o««cally, w«h sufficient wo* one 
by me applied electric potential, the parBde (6) may be moved a region of the liquid 
,0 c^^tai cell Where the™ is negligible influence on the particle from the defect assooated 
vl the prefer^d position m the liquid c^tal ceil. If the magnitude of the appi«dfleld 

is msuffident, or « ^ fie« is on^ applied for a short «me sud, that the parUde ^ 
within a paracuiar region of Influent, then «,e partlde ^ relax bad< to « 
position This threshold behaviour Imparts non*aar electro^ptio properties to the 
1 5 display and Is what makes passive matrix addressing of the device possibte. 

Figure 4 shows a graph of «ne elastic energy within an eieCrephcBtlo cell accord.,^ to 
Z present invention as a funotlr^ of distend from a defect mereln. The graph ,n 
Figure 4 represents an eiedrophoretlc cell comprising a single defect and havtng a 
20 single phoreto partlde. In this case, there Is a single region of Influence whl* extends 
wil me ceil fn^ me defect (21) mereln. In pracSce, me region of Influence may 
extend beyond 50pm from the defect (21). 

A particle of electrophoretic material (6) will experience a force when wimin me region 
26 of influence of me defect (21). If me drfect assodated wim me partlde has an opp<«.te 
Z to mat at the defect c»e men me force will aUract me partlde (6) to me defed 
d (21) if unobsmicted, me electrophoretic partlde (6) will move wimin me regK.n of 
influence to adopt a preferred position where the elasflc energy wimin me system due 
to me defect (21) is minimised (flrst prefened position). 

^ Wim regart. to an electrophoretic cell as represented in Figure 4, a monMtable 
configuration can be ad.leved by restricting me furthest distence me partlde (6) «n 
„ove from me defect core (21), Constraining me nr»tion o, me partide (6) w^in me 
region of Influence in mis manner ensures mat me particle (6) returns to me first 
- 35 prefened position In me absence of an applied electric potential. 



PCT/GB2003/003512 

WO 2004/01S491 

-26- 

in the interests of clarity, it should be noted that the preserrt Invention does not alter the 
apparent viscosity of the liquid crystal material (20) within the suspension med.um (7) 
to any appreciable extent to provide a non-linear electro-optic behaviour (contrast with 
U S 4 305.807 discussed earlier). Indeed, in the present invention the liquid crystal 
5 director is aligned such that the liquid crystal material (20) in the suspension medium 
(7) always exhibits its lowest viscosity. Moreover, application of an electric potential to 
an electrophoretic cell according to the present invention will have negligible effect .n 
tem^s of changing the alignment of the liquid crystal director. Similarly, the defects (21) 
or disclinations in the present electrophoretic cell remain unaffected by an applied 
10 electric potential since they are a created by the geometry of the system and are 
therefore effectively pinned within the electrophoretic cell. 

Referring now to Figure 5. a bistable display may be created by an-anging defects (21) 
in the -liquid crystal material (20) on opposing surfaces within the electrophoretic 
15 display. For example, a first set of defects (21) is an-angod on the first (front) surface 
(24) of the display whilst a second set of defects (21) is an^nged on the second (rear) 
surface (26) of the display. In this embodiment, the particles of electrophoretic material 
(6) may be encouraged to migrate from the first surface (24) to the second surface (26) 
of the display (and vice versa) by the application of an electric potential which exceeds 
20 the threshold level. 

in common with Figure 3. wori< must be done by the applied electric potential to 
separate the particle (6) from a defect to which it is attracted. With sufficient woric done 
by the applied electric potential then the particle (6) may be moved to a region of the 
25 liquid crystal cell where another defect is dominant The particle (6) will then relax to a 
new position in the cell being the preferred position associated with this new defect, 
once the region of greatest influence of this second defect is reached It is no longer 
required that an electric potential is applied to the cell. In this way a threshold in the 
applied electric potential is required to move the particle (6) far enough away from its 
30 initial position so that it relaxes to the a new position in the cell. As before, if insufficient 
field is applied then the particle (6) will relax back to its initial position. 

Figure 6 shows a graph of the elastic energy within a bistable or multistable 
electrophoretic cell according to the present invention as a function of distance 
35 between two opposing defects. 
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The aranh in Flgu« 6 lepresente an eleotrophoreUc oeU comprising t«o opposing 
rjei 21 ng a single pho„«c partde (6) ananged «,ere^1»ean. In 

S2 n iion Of Wuenc« whi* extends ™thln me ceU fron, me ftst 
. ;:ararnd ^lo„ . ^ ^ -n. ..n me cel. me 

second defect core (21). 

AS described p^viously. a particle of electropho^flc material (6) will experience a force 
n^a^cuilr region o, influent assoc«ed «im a ^-^/^J 
,0 asso^ated wim .„e pa,«.e (.has an oppo^^^- - ^ - r^^^.^ 

TcTorix ri ill . ^ ^ ^ ^ p-- 

e ectrophoretic paracie ^o; wm lu^v . .^^x /o-i\ se minimised 

posraon where me eiasttc energy wimin t.« system due to me defect (21) ,s m,n,m«ed 

(In mis case me firet or second preferred positions). 

Typicaily in any par«cular region of me liquid crysta, cell one particular deject wm 
d^:l. Herl When me par,.e (a, . wimln ^ regM, of i*en«^. v.1 ^ 
esracted towa^s me ^ defe,. co« (21). Slmllariy, when me Pa«= <^ 
second region of Influence it wl« be attracted towards me second defect core (21). 

The total elasuc energy of me system Is found .0 be highest wim the particle (6) aUt» 
. Tal point cme two defects and reduces when me parade (6) moves *>wan< e,mer 

of the defects. 

25 in me configuration represented In l^g^ 6. it is suffldent to merely move me phoreBc 
rrrfrom me Lion of influence associated wim me first defect core to me 
CrofircetTcLted wim me second defect co« In o^r to ^me Uansf. 
7Z partiC be^»een me p^ferred poslt^ns. As described previo^ly^m,s .^e. 
me fal ma. once wimln a particular region of influence, a phoref c partde ,s aitraCed 
30 towards the defect giving rise to mat region of influence. 

The electric potenUal applied to me eel, rrK^ exceed me energy ^^l^^^ 
lectrophoreflc ceii. and must be applied for a thne period which ,s sufficen. to transfer 
me partlde (6) from one region of influence to me omer. 
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,„ th. manner, non «near "V ^"^^ 

oeu a funcBon o, .he ™gn«ude of *e e^o potent applied » ""^^'-^ 
«me (t) for »hich *e poten«al Is applied. AcoordingV, the ete<*opho,«6c ce^l e*,brts a 
s^^^shoK. re,a«^ » U» magnitude of me applied ^ecWc po.en«al a™, a d^am. 
5 rlold .la«ng .0 «,e «n,e peHod v*loh me elecWc pofenUa. Is app« n.ult,p„ed 
by the magnitude of me applied electric potential (time voltage product). 

The dynamic th.«shold is aKln to that experienced in some convenfcnai non- 
Ic^^oreuc liquid crystal devices, for example surtace stab»-^ ferroeleCnc 
,0 dfe^^hal bistable devices (ZBD), and Nemop.c BlNem^ t>lstab,e i^C crystal 
displays. 

The bistable display p^v^es the advantage that the par«.es of o^pho.«c 
material (6) remain bound at the defect cores when no potenfal is applied to tl« 
,5 .lover, the pa^cles C eiectrophcreUc materia, ,6) remain sub^n^. 

„ i„ fho n«»«pnce of low level electric potentials (below 
bound to the defect cores even in the presence OT low levB k 

rmreshoid level of the device,. Th. . advantageous since such e^^^^*' 
ere inherent in muMplexed addressing schemes. l,r«ge quairty ^ "^"^^Tc, 
area addressing capability is the^fore ensured by «dudng unwanted m,g,,t», of 
20 particles of electrophoretlc material (6) within the device. 

The defects (21) or disdinaBons in me liquid crystal material (20) may be introduced by 
Z Invenlal geometry ma. promotes su* defect. For example, « . 
art mat the liquid crystal d^r can be eno^raged to adopt a prefened alignmer* 
26 (Planar or hcmeotropic) w«h respeC to me lntea«l surfaces of a conven.onal l„u d 
^ display and ma. periodic features may be applied to mese internal surfaces to 
Introduce discHnations. 

,n me embodiments of me eieotmph^etlo display illustrated In Hgures 3 and 6, 
30 defects (21 ) m me liquid crystel material (20) are introduced by means of a deep two- 
7^11 an.y. TyplCly, me geometry may comprise an anay ^ lr.a^«»ns 
each indentation having a dep* d. arranged at a pitch p, w.m,n me an^y. The 
^ntTaons need to be sum^enW deep to produce defects (21) in me llqu,d cn^ta 
mlal and to mis end me raUo o, the depm of me indentation, d, to me p,tch, p. will 
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typically be at least %. .n general, deep Indentations encourage the formation of 
defects in the liquid crystal material. 

np pth of indentation (d) ^% 
5 Pitch of indentations (p) 

By way of example, tha geometty employed In the ele<*ophora«c display may 
oomprtee substantially seml^lipsoWal, sem^spheradal. semi-sphertcal, or 
hemispherloal Indentations an^nged m a two^imensional array. Where the 
10 indentations exhIbH a substan«ally elliptic^ cross seoUon at the mtemal s"rface(s) 
m dlsptay. the radius shall t» taken to be the length of the n,«lor sem««s of me 
ellipse at that Internal surface (the semi^s representing half the length of the ax,s). 
The geometry employed In the display may be provided by any conventional method, 
for example photolithography, embossing etc. 

The internal surfaces of the ele=tn>pho>etlo display may require a surface alignment 
treatment in order to provide a pi«fened orientation of the liquid crystal matenal (20) 
v^in the display. In the embodiments of the electrophoretlc display «usWted m 
Figures 3 and 5. a planar alignment of the liquid crystal material (20) Is utlhsed. A 
20 surface alignment treatment may also be required on the particles of electrophoredc 
material (6) within the display. 

The strength of the defects (21) in the liquid crystal material (20) and the con^ponding 
nnagnitude of the potential energy barrier depends on the profile of the geometry used 
25 to promote the defects (21) In the liquid crystal material (20). Accordingly, the poten .al 
energy barrier and hence the threshold which must be overcome to move the part.c es 
of electrophoretlc material (6) from the defect cores may be tailored by varying the 
profile of the geometry in the display or by varying the natural liquid crystal pretiit or 
anchoring energy at the surface of the geometry used to promote the defects. 

30 u 
Mindful of the addressing requirements of the display, the threshold which must be 

overcome to dislodge partides of electrophoretlc material (6) from the first surface (24) 

of the display may be arranged to be different to threshold which must be overcome to 

dislodge particles of electrophoretlc material (6) from the second surface (26) of the 

35 display. Consequently, a degree of asymmetry may be incorporated in the electrrc 
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L. and second surfaces (24^) o. .he d^ay. resulUng ,n ^^^jTl 
,h.esho,ds for posittve and negaUve polarity elecWo potertials. Whe^ «.e display 
oonM.rises a plurality of cells or pixels (muW^llular display), su* asymmetry 
5 taoiUlates mulSplexed matrix addressing and allows a techn^ue Known as „ne.head 
blanking to be used to address the disp^y. Une^head blanKing enables me d,s,.^.o 
be addressed In a single «me slot O-e. tbe display may be Addressed ,n telf the fme rt 
would othenvlse take if line-ahead banking were not used). 

10 For an example of standard multiplexing schemes known In the art see -The 
•Joers/Alvey Ferroelectric Multiplexing Scheme", PWH Sursuy et al.; Ferroeledncs. 
Volume 122, PP63-79, 1991. 

A method according the present invention tor fabricating an electrophoretlc cell as 
15 described in the foregoing specific embodiments comprises the following steps: 

A substrate having an electrode pattern thereon Is prepared. Photoresist is spun onto 
m surface of the substrate to give a confom^i layer, for example Shipley Megaposit 
SPR220-7 Is applied to the substrate and the substrate spun at 2000rpm for 30sec. 

t 

The photoresist is then processed according to manufacturers instnicUons. Typically, 
the substrate Is heated to drive off the solvent from the resist. 

A two-dimensional array of Indentations is then fonned m the photoresist t«ing 
conventional photolithograhic technk,ues. As described previously, the indentatons 
may be substantially semWIIpsoidal, semi-spheroidal, seml-sphencal. or 
hemispherical indentations. Typically, a mask and UV light source are used to pattern 
the photoiesist; for example a High Energy Beam Sensitive (HEBS) grey scale 
photomask (Canyon Materials Ina) may be used to preferentially expose portions of 
the photoresist, "me photomsist Is subsequently devetoped and the unwanted portons 
of resist removed, for example by washing the processed substrate. This then gives the 
surface relief shape shown in figures 3 and 5. 
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The substrate is processed to cmss link the photoresist, thereby improving its 
resistance to solvents. Optionally, the photoresist is exposed to deep UV radiation then 
hard-baked at 120°Cfor two hours to harden the photoresist. 

5 Finally, the prepared substrate is either assembled directly into an electrophoretic cell 
or is replicated using moulding and embossing processes (in the latter case the 
electrode pattern may be omitted from the substrate). 

For example, the prepared substrate may be assembled into an electrophoretic cell 
10 incorporating a liquid crystal suspension medium and a plurality of electrophoretic 
particles. The electrophoretic particles are typically deposited onto one of the cell 
substrates as part of the assembly process prior to adding the liquid crystal suspension 
medium to tlie cell. 

15 The liquid crystal suspension medium is incorporated into the assembled 
electrophoretic cell using a capillary process. Alternatively, a conventional vacuum 
■ filling process is used, thereby precluding air entrapment within the electrophoretic cell. 
The liquid crystal is added to the cell slowly in order to minimise disruption of the 
electrophoretic particles within the cell. 



20 



The liquid crystal material is typically added to the cell In the isotropic phase and then 
cooled rapidly to room temperature. The well know Schlleren texture forms, however 
the surface relief with in the cell encourages the majority of the defects fonm near the 
bases of the indentations. Subsequent switching of the device reinforces the correct 
25 liquid crystal alignment within the cell. 

The electrophoretic cell may comprise a single substrate having a relief structure 
thereon. Alternatively, two prepared substrates may be assembled into an 
electrophoretic cell and arranged such that each indentation in the relief structure 
30 surface on the first substrate is substantially opposite a conrespondlng indentation in 
the relief structure surface on the second substrate, said indentations forming a pair of 
indentations. Typically, a phoretic particle is arranged within each opposing pair of 
indentations. 
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Where the prepared substrate is not used directly, a mould may be used to repiicate 
" Of 1^^^^^ for exampie a poiydimetbylsiioxane (PDMS) mouid may be 

used. 

5 A po^dimethyl— (PDMS) elasto^r system Is chosen such as Dow ^in, 

182. ™s is a *»o bottle system and It prepared by m,K,ng *e t«. 

components. 

The pmpared substete having the arrey of indentetlons thereon is used as a master 
,0 Z rlvered with the PDMS prepara.o„. The substrate Is placed in a ««uum 
chancer and the air evacuated to «move trapped air bubbles. The system ^ left unfl 
^TdMS has cured. OptK>naliy. the subst^te . heated to speed up the cunn. 



process. 



1 

15 once cured, ihe PDMS mould is ren»ved from the mastar and «ash«l Typi<.l^^^a 
number of PDMS coptes can be made from the master ,n th« manner. The PDMS 
Lid is subsequenuy used to repiicate ^ ordinal *«o^,mens,onal aaay of 
indentetlons via a further moulding process or an embossing process. 

20 A Wide range of matenals can be u^ for the final moulding process. One such 
material Is Norland 81 , a UV curable glue. 

A sulteble substtate IS chosen arri coated In a thin layer of the material to be moulded. 
Typically, the substrate Is coated with a WcK layer of the material to be moulded. 

The coated subswe . then ..aced in a vacuum chamber with me PDMS mo* ^ 
me system evacuated, thereby bringing the PDMS mould Into conteC wrth the th,n 



layer. 



30 optionally the mould and substrate can then be removed from the vacuum. The 
mdLbte material is then cu^; In the case of Moriand 81 the n^terial is exposed to 
UV light to cure it Finally the PDMS mould Is removed from the substrate. 
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A m.rn«»y cu^ab^ mou,daHe .a^, ™y be used ^ an a,.en,aU« « a UV -r*^ 
™,ertal Thecal c«rtng w«l necessitate heating the sul^te and *e moulded 



material. 



10 



,„ a further emi^lment, the mouldable material may comprise a ~te^o 
ILai in *is case,.the ,hem»plastlc material is healed in the vacuum chamber 

h mouKt is brought into contact with . h»uM is bright '"to con^^ 
t thennoplasuc mate..,, a«er which it can be flowed to cool. The mou« rs removed 
from substrate once the thennoplastic material has cooled. 

„ should be noted that moulds can also be made from ma^rials "-^ec *-POMS 
using techniques *at are well lorown, fb, example NicM may be used for the mould. 

Referring to Rgura 7. a further embodiment of an electrophoretic display accordlngto 
TpZh. .nL.on comprises a mi»^ncapsuia,«. ^^'■•'°"*^rll 
micLncapsulated eieCropho^Uc system Really comprises an array of dropi*M30^ 
confining liquid c^l material (20). Ea* droptet (30) endoses a partrde of 
electrophoretic material (6). 

3 AS v*h the foregoing embodiments, the partides of an electrophoretic ™tenal (6) are 
Suspended in a suspension medium (7) comprising a liquid crystal ™.enal (20)^ 
However, in this embodiment, the suspension medium (7) -P''- '^^^^^ 
discrete droplets (30) of, liquid crystal material (20) ananged wrthrn an encapsulant 
(35), ead> droplet (30) having an eieotrophcretic partlde disposed therein (6). 

Por example, the encapsulant (35) may «».prise any suable binder -^^J^ 
encapsulated electrophoretic display is formed by dispersing droplets (30) of hqu«l 
crystal material into the binder. 

30 in a spedflc examplb, the micr^ncapsuiated electrophoretic system may comprise a 
powrr^r dispersed liquid crystal (PDLO) display having droplets (30) o, Irquid c^tal 
material (20) dispersed within a polymer matrix. 

Referring to Figure 7. the posi«on of the electrophoretic per«cle (6) ^i., the droplet 
35 Xf uid costal material (20) is controlled by caren,l setedon of the liquid crystal 
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and^ortng conditions a. .he lotertSce between the liquid corstal (20) and the ,nt9n«^ 
C^t (30) .urt^oe, and the inteHace between ^ liquid crystal (20) ^ the ^ 
Jelecmphc^c partice (6). With essentially non hon«oUopic -*°7 "^'^ 
on both the ln.en«l surtax of the duplet (30) and surface of the eleCrophore^c 
5 particle (6), the topology sho«n fortes the creation of defects at these surfaces. 

A su,fa» alignment t«atn»nt may be used to create favourable anct»ring condmons 
(and henc^ a favourable ^ignn^nt of the liquid orysta, director) witWn each drop^ 
(30) A suitable surface treatment is one In which a tangential component of the 1k,uk) 
10 crystal director is encouraged. preMding a tilted or planar alignment. 

The surface alignment treatment encourages the f6m«tion of a first (31) and a second 
(32) defect Within the droptet. TT« posi«on"^ of the defects (31 .32) each d«>ple 
(30) is governed by «te droplet geometry. Accordingly, the geometry of the droplet (30) 
15 ma be customised to control the posl«on of «,e defects (31 .32) within the dro^e and 
to Lure ^ the defects (31.32) a^ arranged substantially in oppos*on wrth^ the 
droplet For example, the droplet (30) may be an^nged to be a sphere or a sphen.^ 
(raster a,an pe,fec«y spherical). In par^^^ar, the droplet (30) may be --^^ 
Libit a prolate spheroid oonf^uraflon Witt, a« defects (31 .32) ananged substanfally 
20 In opposition along ttie major (long) axis of ttte prolate droplet (30). . 

The creaaon of two defects (31.32) wlWn each droplet (30) provides «»o possible 
positions for the particle of electrophoretic material (6) to adopt and hence faalrtates a 

display with image memory. 

A surface alignment tteatment may be applied to tt,e parttde of electrophoretic rr^terial 
(6) suspended within each droplet (30). The surface treatment applied to the partrde <^ 
el«*ophoretlo material (6) should en™ a tangential component of the I qu^d 
crystal director, again pmvlding a tiHed or planar alignmen. on the 
30 particle (6). The surface alignment treatment is used to promote two opposing defects 
(33. 34) on the surface of the particle of electrophoretic matenal (6). 

AS Shown in Figure 7. when tt,e electrophoretic particle (6) Is disposed within the bulk 
^rilquid cr^tal materia (20) i.e. ^ay from tt,e defects (31,32) wltNn me d.p^ 
36 (30). then the system will exhibit a certain liquid costal defect energy due to the 
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defect (31.32) v^min the duplet (30) and the defects (33,34) on the -^^^ 
particle (6). The *«al delect enew — m the systen, Is a function cf the strength and 
location of the defects (31 ,32,33,34) within in the system. 

6 The particle cf eiectrophoretlc material (6) may t« encouraged to migrate within the 
droplet (30) by the application of an electric potential to the droplet (30). 

When a defect (33,34) on the surfa» of the particle (6) is in the vicinity of a defe« 
(31,32) within the droplet (30). an interaction occurs between the defects. When the 
10 particle (6) is m the vicinity of a defect (31,32) within the droplet (30), the total hqud 
crystal defect er^rgy within me system is lower than when the electrophorefc partrde 
(6) is disposed within the bulk of the liquid c^i material (20) l.e. away from the 
diects (31.32) wrthih the droplet (30). Indeed, this roductlon in total liquid c^^l 
defect energy within the system is the mechanism by which the defects (33. 34) on the 
15 ■ surface Of the particle (6) tend to be att^cted to the defects (31,32) within the droplet 
when brought near to each other. 

Hence, the total liquid crystal defect energy within the system is minimised v<hen fte 
defect (33,34) on the surface of the particle (6) and the defect within the droplet (31 .32 

20 aro superposed, in this case, if the geometer of the droplet (30) and the particle (6) 
allow, then the volume occupied by the defects shall be zero, if the geometry of *e 
droplet (30) and the particle (6) cooperate to a lesser extent then the defects sha« 
occupy a small but finite volume within the droplet. In both of the aforomentKmed 
arrangements the total liquid crystal defect energy is minimised and the defe* 

25 effectively annihilate. This encourages the particle of eiectrophorotic matenai (6) to 
adhere to the Internal surfece of the droplet (30) and work has to be done to move the 
particle (6) from this point. 

The total elastic energy of the system is found to be highest with the particle (6) at the 
30 balance point of the droplet (30) and roduces when the particle (6) moves to either end 
of ttie droplet (30). 

The operation of the display is illustrated in Figures 8a to 8d. 
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Referring specifically to Figure 8a. In the absence of an applied electric potential, the 
system adopts a stable state and the particle of electrophoretic material (6) remains at 
one end. say the top of the droplet (30). When viewed from above, the particle of 
electrophoretic material (6) obscures the underlying suspension medium (7) and hence 
the drpplet appears to be substantially the colour of the particle of electrophoretc 
material (6). 

Referring specifically to Figure 8b. application of an electric potential (40) of sufficient 
magnitude with the correct polarity dislodges the particle of electrophoretic material (6) 
from the top of the droplet, simultaneously aeating two defects, one defect (31) at the 
position where the particle originated and a second defect (33) on the surface of the 
particle of electrophoretic material (6). The particle (6) moves towards the bottom of the 
droplet (30) under the Influence of the applied electric potential (40). Once the particle 
of electrophoretic material (6) reaches the bottom of the droplet (30) the defect on the 
surface of the particle (34) and the defect (32) at the bottom of the droplet (30) become 
superposed. The total liquid crystal defect energy within the system is now lower than 
when the electrophorBtIc particle (6) is disposed within the bulk of the liquid crystal 
material (20) i.e. away from the defects (31.32) within the droplet (30). The superposed 
defects effectively annihilate. The particle (6) is retained at the bottom of the droplet 
(30) even when the electric potential (40) Is removed. When viewed from above, the 
suspension medium (7) obscures the particle of electrophoretic material (6) and hence 
the droplet appears to be substantially the colour of the suspension medium (7). 

Referring specifically to Figure 8c. application of a reverse electric potential of low 
25 magnitude (41) is Insufficient to pull the particle (6) away from the defect (32) and 
therefore the particle (6) is not removed from the region of influence of the defect (32). 
Accordingly, the particle of electrophoretic material (6) relaxes back to Its position at 
the bottom of the droplet (30) after the field is removed. 

30 Referring specifically to Figure 8d. application of a reverse electric potential of larger 
magnitude (42) dislodges the particle of electrophoretic material (6). simultaneously 
creating a defect (34) on the surface of the particle (6) and a defect (32) at the bottom 
of the droplet (30) and pulls its out of the region of influence of the defect (32). The 
particle (6) is returned to its original position at the top of the droplet (30) under the 

35 influence of the applied electric potential (42). Once the particle (6) reaches the top of 
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me d^ple. (30) S« ^ defects (31, 33) superpose. The total liquid 
enew ^ system is once again lower ti«n «hen Ihe etectrophoretc partde (6) 
disposed Within the l>uik of the liquid coital n«terial (20) i.e. away from the de^^ 
(31.32) Within the droplet (30). The superposed defects effectively annihilate and the 
5 particle (6) is retained in tlnat position. 

,n the en*odlments iiiustrated in Figures 7 and 8. the application of a surface 
alignment treatment to the particle of electrophoretic material (6) ensures that defe* 
(33 34) are created in the liquid crystal material on the surface of the particle (6 
,0 rre'speotive of tt« s^ of «« partide (6). Hence. «.e partde of eleCcphoretic matena^ 

(6) may t« arranged to be an optimum size so as to maximise optical scattenng and 

provide a iiigh contrast display. 

,n pi^otice, the partide of eiedrophoreUc material (6) is chosen to l>e suffidenUy large 
15 80 as to provide a high degree of optical scattering when located at the top of tl,e 
d,x,piet (30). Further, the partide (6) should be sufiidently large so as to substant^y 
hide the undertying suspension medium when located at the top of the droplet po); 
Figures 8a and 8d refer. However, when the partide of eiactrophorBtlc matenal (6) .s 
located at the bottom of the droplet (figures 8b and 8c r^r). the suspension medium 
20 (7) must be capable of obscuring the dedrbphoretlc partide (6). and this may influence 
the size of the partide of electrophoretic material (6) chosen for the display. 

in general, the radius of the eiedrophoretic partide (6) may be arranged to be at least 
30% of the radius of the droplet (30) in order to provide reasonable hiding of the 
25 suspension medium (7). Typically, the electrophoreSc parttde (6) will exhibit a radius of 
about 50% of that of the diopiet (30). Where the droplet (30) is a spheroKi, the radius 
Shall be measured perpendicular to the axis along whi* the defects (31.32) a,^ 
ananged. For example, where the d,x>plet (30) is a prolate spheroid and the defeds 
(31 32) are ananged substantially In opposition along the maior (long) axis of the 
30 prolate droplet (30), then the radius of the droplet (30) shall be measured across the 
minor (short) axis of the droplet (30). 

The dimensions of the partides of eiedrophoretic material (6) may have an effed on 
«« eneiw banler associated with fomring the defeds in the liquid crystal (20) Within a 
35 display. Hence, the size of the eiedrophoretic partides (6) may influence the potential 
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ene,w bar*r and ccnsequenSy me e,e*o poten«a, mreshCd wWn the dM^ 
Mmd^, me me parade sfee may be selected with a v,e« to ta„onng me 

electric potential thresliold wltiiin the display. 

5 >„ p,acuc«. me radl, C «,e partides of e>e<*opho««= mateha, (6) «-^;;^ 
naturally oeountng distribution and mis enables a mlo^-enoapsulated ^ 
acoording to me present lnven«on to display a range of gray tay^s ^^ ^^^^ 
example, each pbcel in me display may cornpHse a pluranty of droplets (30). From me 
fZlng, me dLlbulion of me rad. o,me parOdes (a) wtmm me duplets (30 w, g«e 
10 r.o a ^spondlng dismbuUon in me e^ potenU^ mreshdds assoaated 
Zdtplets (30 . Hence, me magnitude of me electdo po.en«a. applied to each p^jn 
Z display Will govern me number o, duplets (30) «hteh change op^ state ^ 
Z pil in mis example, me reftecSvity of each pixel is related to me number ^ 
rplets wHhln me p^ and me op«ca, state ^ each pb<el. According^ me 
15 of a pixel Will be propor«onal to me magnitude of me elocWo potent,=^ 

pixel (governing me number of droplets «hl* change optical state therein), mereby 
allov«ing each pixel to display a range of gray levels. 

Afthough me embodiments of me present Invention inustrated in i^gur^ 7 and 8 
20 pn^vide a display wim Image memo^ having non-V^ear ^ect™^«c ^^^^ 
I useful for addressing purposes to ln«>rpora.e a degree of asymme^y n me e^ 
potential r^qu^ to move me partldes C me eiectrophoretic matenal (6) wm,n me 
droplets (30). ^suiting In asymmetric switching mresholds for positive ^ 
polarity electric potenUals. As discussed previously, such asymmetry faCtates 
25 multtplexed matrix addling of m^ti^cellular displays and allows a .ed.n„ue known 
as line-ahead blanldng to be used to address me display. 

For dariiy. me foregoing descriptions of me embodiments of me present InvenSon have 
omitted references to particular materials used In me display 

Many of me liquid oystal materials and asscdated dyes used in convenUonal iiqmd 
orysL displays will operate successMly In me embodiments of me present ,nvent«n 
described herein. Any of a wide range of oil soluble dyes may also be used. 
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The range of suitable liquid crystal matertals irrdudes Nen«tic liquid crystals, for 
exa,„ple arv of Me,^ "quid crystal mbdures listed in Table 1 .0 may be used m the 

present Invention. 



Merck® Mixture Code 



ZLI-4792 
ZLl-5080 



ZLl-5091 



MLC-6043-000 



MLC-6043-100 



MLC-621 9-000 



MLC-6219-100 
MLC-6222 



MLC-624 1-000 



MLC-6256 



MLC-6292-000 
MLG-6292-100 
MLC-6625 



MLC-6628 



MLC-6694-000 



MLC-6694-100 



MLC-6846-000 
MLC-6846-100 



MLC-6847-000 



MLC-6848-000 



MLC-6848-100 



Merck® Mixture Code 



MLC-6849-000 
MLC-6849-100 



MLC-6873-000 



MLC-6873-100 



MLC-6874-000 



MLC-6874-100 



MLC-6875-000 
MLC-6875-1 00 



MLC-6876-000 



MLC-6893-100 
MLC-7700-000 
MLC-7700-1 00 
MLC-7800-000 



MLC-7800-100 
MLC-9000-000 



MLC-9000-100 
MLC-91 00-000 
MLC-9100-100 
MLC-9200-000 



MLC-9200-100 



MLC-9300-000 
MLC-9300-100 



Merck® Mixture Code 



MLC-9400-000 
MLC-9400-100 



MLC-1 2000-000 



MLC-1 2000-1 00 



MLC-1 2 100-000 



MLC-1 21 00-1 00 



MLC-1 3200-000 



MLC-1 3200-1 00 



MLC-1 3300-000 



MLC-1 3300-1 00 



MLC-1 3800-000 



MLC-1 3800-1 00 



MLC-1 3900-000 
MLC-1 3900-1 00 



MLC-6601 
MLC-6614 
MLC-6686 



MLC-6692 
MLC-1 5900-000 



MLC-1 5900-1 00 



MLC-1 6000-000 



Table 1 .0 



The liquid crystal material may be selected according to the perfom^ance 
characteristics required of the display. For example, the switching speed of the display 
10 will be related to the viscosity of the suspension medium (7) and hence a low viscosity 
liquid crystal material may be preferred for applications requiring fast switching speeds. 

The dyes incorporated in the suspension medium (7) may include any conventional dye 
suitable for use In a guest-host display system and which is compatible with the l.qu.d 
15 crystal material (20) used in the display [see "Dyes In Liquid Crystals", Molecular 
crystals & Liquid Crystals, Vol. 150A. A.V. Ivashchenko. V.G. Rumyantsev]. 
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Approprtate Oyes include azo dyes and ^*«quinone dyes. 0« s<.u«e food, 
pharmaceutical and cosmetlo dyes are also applicable. 

TO many o. material used In conve„«onal ^'^^J'^ ™" 
5 operate successfully in the embodiments of the present inventK>n descnbed herem. 

For example, titanium dio=«de. TiO. is commonly for the parades of 

elect-ophoretto matenal in convenUonai eleCrophoretic displays and n«y be us^^ 
tt,e eiectophoreUc material (6) In the embodiments of the present mventKm. One rfme 
10 Lons ly titanium dioxide is commonly used for *e pa«es of electropho^to 
™^ai (6, is that « exhIbHs flood op«cal reflection and scattertng p-opert.es 
TJ^l ott^er materi^s may be used fo, the parades of electrophoreUo ,r«te„^ 
(6) depending upon me pe,fom.an« specification of the dlspiay. for example cd^^red 
materials. In particular, the particles of eleotropho.* material r^y compose spheres 
15 ^ng a ref^dva surface, for example s™« po^mer spheres ha*g a reflectwe 
me Jc or dielectric surface coating applied thereto. In the case of a dielectnc ooat^. 
the coating may comprise a reflective multilayer dielectric stack. 

AS discussed previously, a surface Irea^ent n^y be applied fc. the parMes of 
20 Lrephoresc material (6, to encourage a pref^ -^nment o, the ,^u,d c^^l 
material (20) at ^ surface of the pandas (6) and to '^^^ ^J^'^^ 
ConvenUonal surface treatments Kn«»n to the skilled person may be appl ed to *e 
particles Of electrephoretic material (6) to achieve specific ejects Typ«a y, ^ 
particles of electrephoresc materia, (6) may have a surf.ce coaUng of s,l,oon dK=x,de 
25 SlOa and an organic coaUng applied thereto to reduce floccu,a«on and to impart 
TrtL al^nment p-ope.«es. By «ay of a mrther example. p^Ces having a me«« 
Sliver coating may be coated in thiol usir^ known techniques with a suable termnal 
greup to control charge and alignment Sln^lariy, partides ha*g oxide layers can be 
coated in silanes. 



30 



35 



Referring to Figure 9. the partide of eledrophoretic material (6) may compnse a 
composl parade in order to ma>dmise scattering of light and thereby provrde good 
reflectance, in the conflgure«on illustrated in Figure 9, tt.e parade 
material (6) comprises scattering partides (45) arianged within a bmder (46). Tf« 
Ian J reflective properUes of this arrangement may be atWbuted to mu*pie 
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scattering between adjacent and underlying scattering partides (45) v.th.n the 
composite particle. Accordingly, a high proportion of the light incident on the part.de 

(47) is scattered within the composite partide prior to scattering bad< out of the part.de 

(48) . 

The scattering particles (45) .jnay comprise any conventional electrophoretic material, 
for example titanium dioxide. TiO. Alternatively, the scattering particles (45) may 
comprise small polymer spheres incorporating a whitener; suitable whiteners indude a 
gas cavity (for example an air pocket), and crushed diamond. The binder (46) .s 
10 typically any substantially transparent material having a different refractive index to that 
of the scattering partides (45). The binder (46) may be a cross-linked polymer, for 
example polymethylmethacrylate (PMMA). 

The composrte electrophoretic particles (6) referred to above may be fabricated by 
15 dispersing partides of titanium dioxide into a monomer system. Monomer droplets are 
then formed and made spherical, by the action of surface tension, by emulsif.cation .n 
water having a suitable surfadant mixed therewith. The monomer droplets are 
subsequently cured. Careful selection of the monomer and surfactant allows control of 
the liquid crystal andioring conditions at the surface of the composite electrophorefc 
20 partide (6). Typically the surfactant must be thoroughly removed from the part.des (6) 
after curing and prior to any further processing. The final composite electrophorehc 
partides (6) may be inherently hydrophobic or may be subsequently processed to 
provide a hydrophobic surface, which is beneficial for subsequent incorporaton of the 
composite particles (6) into the electrophoretic displays described herein. 

25 

Alternative to removing the surfactant from the composite electrophoretic partides (6). 
If a polymer surfactant incorporating hydroxyl functional groups (OH), such as 
polyvlnylalcohol (PVA). is used then the residual layer of polymer that typically cannot 
be washed from the partide surface may be used as a basis for further coating of the 
30 composite electrophoretic partides (6). The OH functional groups can be used to 
attach any number of different silane compounds to the surface of the polymer 
partides. The processability of ttie particles can be altered by suitable choice of ihe 
silane. Similarly, the liquid crystal anchoring condition on the partide surface, and the 
electrophoretic charge on the partide can be adjusted by suitable choice of the silane 
35 compound. 



PCT/GB2003/003512 

WO 2004/015491 

-42- 

The d— s »e pamdes of eteCrophoretto materta, (6) w,,, be '^^^ ^ 
Leriate used In *e fabncatlon of the display and the perfomiance spec>ficat«n of the 
"a co-wehUcna, eteotrophoreSc dlsptay. the partides o, e,e*.pho«. 
Xa, (6, are epp— , the sa™ as the «av^ength of the ,.ght ,n.dent on 
5 the display in order to achieve inaxlmunn optical scattenng. I 

in the case of composite electrophoretic particles, the scattering parades (45) sl»uld 
;!^prmately the same ^ as the wavelen^ of the light Inddent on the d.^ay . 
L to achieve — op«ca. scattenng. In add-on. the s^ttenng parades 
10 Should t« well dispel wlthl" each composite eledrophore.« pa,t,de and them 
sh^L he a tarae difference between «,e refractive index of the scattering parfdes (45) 
and the refractive index of the binder (46). 

For particles that have a reflective coa«ng. the parfide size typically at least ten 
15 tlh«s larger than the wavelength of the light inddent on the display. 

" ,n pracsce the size of the partldes of elecfophoretic matenal (6). or in the case of 
;^te electrophoreBo parades the s^e of the scattering partlctes (45 , « not o^ 
7L op^cal pertdnnance of the device as long as suffident ba*-scattenng ,s 

20 ensured. 

Similarty the dimensions of the droplets (30) within a microencapsulated 
IZ^^ display systems C the present Invention ^ also be rented to^ 
™«als used in the fabncation of *e display and the peHonnance speofica^on of the 

25 display. 

For the microencapsulated etectrophoretlc display sy^ms of the present Invention 
lul^Ld i^F^ures 7 and 8. droplets (30) may be 1-30^ in lengU,. and will typica y 
• «t^ength in the range 5-20^. For spedtio applicaUons, the droplets (30) may be 
30 reded to ^ave a length In the -^ -,5^. Where t^-pi. (30^. a sp^ 

^rr:edrerp:re:rd:^^^^^ 

I JS (31.32) L an^ged substen«ally in opposiUon along me m^or (long ax« of 
llt^ate d Jplet (30). then the lengm o. the droplet (30) shall be n»asured a^ng the 
35 major (long) axis of the droplet (30). 
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Similahy, tt,e particles of eteofcophoreSc material (6) suspended *>ln *« droplete (.^ 
Z hal dia-neters In «,e .nge 0.2 .o 0.8 «a»s me dn=p^ diameter. » «« 
dlaLter o, me parades of e,e*ophone«o -r^teda, (6) ».ll be 0 3 te 0,m^ 

; dmplet diameter. For specific applicafcns, me elecUopho.e.c part,cles (6) w,ll ha« a 
dlaLter in me range 0.4 to 0.6 «mes ma. of me droplete (30). Where ^^ ^^^ 
is a spheroid, me dlame.^ of me droplet (30) shall be measured P^^*"""-^ *^ ^ 
a»s along which *e defecte (31,32) a,^ arranged. For example, where me droplet (30) 
is a prolate spheroid and me defects (31.32) are an^nged substantially in oppos,t,on 

0 along me n^or (long) a>ds of me prolate droplet (30), men me diameter of me d«,pte. 
(30) shall be teken to be me diameter of me minor (short) axis of me droplet (30). 

The embodiments of me display acco«llng to me present invention may comprise a 
suspension medium (7) and partldes of etecm>phoreUc materia. (6) sandw^hed 

,5 between transpa«nt insulating substrates (3a,3b) as is oonven«ona. in me pnor^ 
(see Figure 1). The subste.es may be rigid or may be flexible, for example polymer 
film in me case of a micro-encapsulated electrophoretlc system (fgures 7 and 8 rrter), 
me'encapsulant (35) may provide me mechanical support for me suspension medium 
and me particles of electrophoratic material (6) suspended memln. In mis instence one 

20 or bom of the substrates .(3a,3b) may be omitted. 

For example, in a micro-encapsulated electopho^flc display -^^"^^J^^^ 
,nven«on. the encapsulant (35) may be arranged to provide substantally a^l o me 
mechanical support for me droplets (30) containing me liquid crystal material (20) and 
25 the particles of electrophoretlc material (6). 

,n me embodiments of me p^t Invention described herein, me particles of 
electrophoretlc material (6) are encouraged to migrate w«hln me display by means of 
an applied electric potential. The means tor applying me electric potential may be 
30 conv^tlonal electrodes (4a,4b) InCuding at . least one substentially transparent 

elecrode located on one surface of me device in order mat me display may be viewed. 

Accordingly, conventional indium tin oxide (ITO) electrodes may be used m me 

embodiments of me present invention. 
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AHema«ve>y, conducHng polyn^ eleCnxies may be used to apply *e electdo pctertW 

„ay be preferred ir, applications where tt,e display is ^ be subieot .0 mechan^l 
bendii« forces or vitiere a flexible display is envisaged. 

' ,„ a farmer embodiment of the present Invention, me electdc po.en«al may be applied 
I «« dMay via elecrodes external to «,e de^ce. T^e eleCHc fleld st^ngth re<,u,r^ 
I opiate the de.ce should typically fail wimin the range 1-10 VoKs '^^"^ 
tt,e eleoMc potential may comprise an ele*>stetlc fleW applied externally to the de«ce 

10 via ^movable electrodes. In this particular conflgura«on the display may operate as a 
display device for recording a substantially permanent image. 

Wim regard to the embodiments of the present Inventton Illustrated In Figures 7 and 8 
r m^noapsulated eleo^.e«c display may be fabn^ted using the fClow^g 

15 processes. 

The first step In the fabrication of the mio««ncapsulated eleotrophoretic display Is to 

p^des Of electrophoreuc materia (6) for incorporation Into the dr^le^ 
Jrhe mlcro^ncapsuiated eleotrophore«o display may incorpo^te 
20 eleLphore«o par«cies (6, as descrtbed previously (Flgt^e 9 refers) and such parades 
may be prepared as follows. 

Referring to Figure 10a, a suitable grade of titanium dioxide CnO=) Is chosen (SO) with 

to give good l«ht scatteHng p.oper«es ar« preferably <.th a sHl^^ated 
^ Lrface. The Utanium dWde processed, to Impart hydrophobic ^ 
particles (6). For example, a conventional sllanatlon process may be used. Th« « 
'^ted by dispersing (51) aOg o, the «anlum In 400mi ^^^^^s 

oyolchexane and then adding (52) an alkyltdchlorosliane (m this case 0.2g of 
:'^«ohloros,lane) to Uie dispersion. Th. is emu^ (53) for 4 ^-ou^^^- 
30 complete dispersion of «ie titar»um dlo^de In the system and complete .eact«n of the 
Zich— e v^th the Utanium dlo.de surface. The ..anium ^^'^ ^^ 
seTarated (54) from the cydohexane In a centrm^e and then --"-."^^ 
cvdohexane. This process is repeated U.ce (66) and the titanium dioxide dned 57 ,n 
an oven at 80-C for an hour. The tllaniura dioxide particles are now hydmphobic (58). 
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The next s.ep In me fabrtcaton o. the composite electrophoreBc parades (6) ««. 

Ipe-se (60, the «ght s=e..e*« pa,«c^ (45). titanium O,o>.de <n ^ J"- 
soluwe monomer in the presence of a cms^lnklng agent and an ,n,tator (e* a 

Zn^ in^ator or a photo-Wator). The n*<U.re Is emu^«d (61, with an a^e^^ 
soiuspn o, a su«ab.e suH^^nt to m»K,mer droplets -^^^ — 

particles dispe,«d memm. The Initiator is activated (62, to promote cross lintang^ the 
monomer. Lvation ma, be by heating In the case o. a them^l Initiator or ,llum,nat» 
with electromagnetic radiation In the case of a photonnrtiator. 

Referring to Figure 10b. the 20fl of titanium dio=dde. »hich Is now hydrophobic. Is 
dispe,e«i (60, into a mlxtu^ of 49g of meth^methac^te. 299 of neopentyl glycol 
dlthacryiate and 2g of thermal ln«ator iaury. peroxide. This ^J^^ 
(61, Into a 1% solution of polyvinylalcohol. with a molecular weight of 125,000. 
vigour of this emulsificatlon step and/or ti« quantity of the poly*ylalcohol add*ve «n 
used to control the parSde size. This emulsion Is then placed (62, In a prei^^ 
oven at SO-C for 1.6 hours. On removal from the oven the product is centrtfuged (63,. 
excess water removed and then the particles are remixed (64, with fresh water. Th,s 
process is repeated several times. 

a The composite electrophoreac partdes (6) may be further heated to faaltete 
subsenuent proc«^ng and to control «ie aUgr^en. the liquid crystal on me part,cles^ 
The following process (65, allows me addition of a sllane to the surface on me 
composite electrophorotlc particles, such as phenyltrichlorosllane. to allow controU* 
subsequent processing and also of the liquid crystal alignment on the partides The 
,5 composite electrophoretlc partides am separated from the water and me water ^ 
" replaced wim dry tetrahydrofuran (THF,, me rinsing and separaUon is repeated several 
times wim me THF. The THF Is men replaced wim dry cydohexane and nns,ng and 
separation repeated several Hmea. The composite partides (6, are ther, ,n a relat«^ 
water free environment so the separated partides can men be added to a m«^ro of 
30 me silane In cydohexane. The composite particles are left In mis mlx^re for about a 
hour ^ mbdng. The composes paries aro men separated from me cydohexane 
and Sllane mixture and rinsed in dry cydohexane several times as before to remove 
residual sllane.. Finally me composite eledrophorotic partides are dried (67) ,n a warn, 
oven to yield a free flowng powder. 
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The next stage involves the dispersion of the electrophoretic particles (6) into liquid 
crystal droplets (30) and then encapsulation of the droplets (30) to form a dry free 
flowing powder comprising individually encapsulated drx)plets (30). Conventional TiOa 
electrophoretic particles (6) or composite electrophoretic particles (6) may be used. 

Referring to Figure 11, a traditional encapsulation technique involves the use of 
gelatine and gum arabic and involves the vigorous emulsification of liquid crystal into a 
gelatine solution. Hydrophobic electrophoretic particles (6) are mixed with liquid crystal 
(20) and the mixture Is emulsified (72) in an aqueous gelatine solution. The system is 

10 further mixed (73) with gum arabic solution and the encapsulation process continued 
by slow dilution (76) with water. This causes a layer of coacen^ate (a colloidal 
aggregation) to be deposited around the droplets (30). At this stage a gluteraldehyde 
solution is added (78) to the system to cross link the protein chains and the system .s 
cooled (79) to gel the gelatine while the cross linking process proceeds. These cured 

15 capsules (85) containing liquid crystal (20) and electrophoretic particles (6) are then 
spray dried (80) to produce a dry free flowing powder. 

The encapsulation technique may be modified by the inclusion of an alternative 
coacervation step. Referring to Figure 12. the liquid crystal (20) and the elecfrophoretic 
20 particles (6) are emulsified (72) In an aqueous gelatine solution. The system is further 
mixed (73) with gum arabic solution. In this embodiment of the present invention the 
encapsulation process is continued by increasing the pH of the emulsion (75). diluting 
with water (76) and reducing the pH of the emulsion (77). This causes a layer of 
coacervate (a colloidal aggregation) to be deposited around the droplets (30). At this 
25 stage a gluteraldehyde solution is added (78) to the system to cross link the protein 
chains and the system is cooled (79) to gel the gelatine while the cross linking process 
proceeds. These cured capsules (85) containing liquid crystal (20) and electrophoretic 
particles (6) are then spray dried (80) to produce a dry free flowing powder. 

30 The technique for encapsulation is based on traditional gelatine and gum arabic 
encapsulation processes. Specifically. 1g of a high bloom strength gelatine Osoelectnc 
point pH 8) is dissolved in 25ml of water at 50»C. At the same time 1 g of gum arabic is 
dissolved in 50ml of water at 50°C and put to one side. At the same time lOg of the 
dried particles of titanium dioxide dispersed in the polymethylmethacrylate, as 
35 produced previously (Figure 10 refers), is dispersed thoroughly Into 20g of a selected 
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commercially available liquid crystal (such as any of the Merck^ liquid crystal mixtures 
listed in Table 1.0). into which has been dissolved Tk by weight of an oil soluble (non 
water soluble) dichroic dye or dyes such as i.hydro)cy.4.[(4-methylphenyl)aminol.9.10- 
anthracenedione. This mixture of particles (6) and liquid crystal (20) is added slov^y 
5 into 25ml of aqueous gelatine solution and mixing is continued. To the resulting 
emulsion sodium hydroxide solution is added to raise the pH to 12. Then the gum 
arable solution is mixed with the emulsion. The emulslon.ls then transferred to a larger 
beaker and. as In all previous steps, is held at 50»C at the same time mixing .s 
continued slowly. 200ml of water at 50°C is then added to the system and stirred unt.1 
10 mixed thoroughly. At this point a lO^/o solution of acetic acid is then drop by drop to tt.e 
emulsion until a pH of 4.7 Is reached, this triggers coacervation and fomiation of a 
protein layer around the droplets (30). To the emulsion Is added 0.35g of a 50 /o 
gluteraldehyde solution to cross link the capsule walls and the temperature is then 
reduced to 1 0°C over half an hour. The pH of the emulsion is then increased to 1 1 . The 
15 emulsion is then left to mix for at least 12 hours and the temperature of the system then 
raised to room temperature. The resulting hardened capsules (85) are dried using 
standard techniques yielding a free flowing powder. 

The foregoing technique describes a gelatine and gum arable encapsulation technique 
20 for the droplets (30) of liquid crystal material (20). A selection of suitable encapsulation 
techniques are further described In the documents cited in Table 2.0. 



Reference 



Patent No. 
US2800457 



Patent No. 
US3041288 

ISBN 

0815504497 



Description 



Green BK and Schleicher L; July 1957; 
Adapted for use in the embodiments described herein. 



25 



A nthony WH; Ju ne 1962; High molecular weight fractionated geiatine- 
gum arable coacervation by pH adjustment, can give stronger capsules 

with less capsule loss by clumpi ng together. 

"Capsule Technology and Microencaps ulation 1972" m uuxcno. iN»y». 
Data Corporation. New Jersey. U S A. 1972. ISBN 0815504497 

Table 2.0 



However, any suitable encapsulation technique may be employed to fabricate the 
micro-encapsulated electrophoretic display of the present invention. 
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The final step in me fabrication of mio««ncapsulated eiectrophoretic dlspi^ is to 
inocrpomte *e hanJened capsules (85) into a buli< encapsuianl (36) to form a display 

device. 

' Refernng to Figura 13, P^er of ha«lenad capsules (35) is dispersed (90) into a 
bulk encapsulant (35) wt,ich exhibits a low shrinkage on curing. Tfte encapsulant (35) 
may comprise a low viscosity and Ultraviolet (UV) or thenT«lly curable binder g^rng a 
high density of capsules (85). Note, at this stage the capsules (85) may be spheres or 

10 may be spheroids, for example prolate spheroids. 

This dispersion Is tl»n placed (91) between two substrates which Incorporate an 
elect,«ie pattern. An electric or magnetic field is applied (92) to the system to align the 
capsules (85) appropriately. For example, where the capsules (85) are proWs 
15 spheroids and the liquid crystal (20) inside the capsules (85) alrgned w*, *e ^ 
^s Of the prolate capsules (85), then the capsules (85) shaU be aligned w,th the long 
axis perpendicular to the substrates. The bulk encapsulant (35) is cured (93), thereby 
fKing the aligned capsules In the encapsulant (35). 

20 Spedflcally, the dispersion is coated onto a substrate upon which is an electee, su* 
as indium tin oxide on glass. This electrode may be patterned and also may be n^tal to 
give a conductive and roflectlve surface, "me coated layer rs typically one to two 
capsules (85) deep where a capsule (85) is typically about 10^m. Onto this tever » 
laminated another substrate upon which is a transparent electrode, which may also be 
25 patterned such that with the other electrode pattern a matrix array of p«els ,s 
generated. The orientations of the capsules (85) are then aligned by the appircatron of 
an electric field between the substrates. Alternatively, this may be done by a magnetrc 
field. After alignment the encapsulant (35) is cured (93) by exposure to UV rad^tron. 

/.temaavely, the steps of aligning (92) the capsules (85) and curing (93) the bulk 
encapsulant (35) may be transposed. In this embodiment, a them«l cunng low 
shrinkage elastic encapsuianl (35) may be used, for example a silicone elastomer 
system e.g. Dow Coming' Sylgard* 132. In this case a high expansion coefftcent 
substrate IS used. The contracUon of the substrate after curing leads to a compre^ran 
35 of the encapsulant (35) In the plane of the substrate. Th'rs forces the capsules (85) ,n 
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the encapsulant (35) into a prolate spheroid shape with the long axis perpendicular to 
the substrate. In turn the liquid crystal (20) inside the capsules, which is in the so called 
•boojum- configuration due to nominally planar surface anchoring conditions, aligns w.th 
the long axis of the prolate capsules (85). In this embodiment of the present invention 
i the thennal expansion coefficient of the substrate must be chosen to be g'^^^'" 
the themial expansion coefficient of the encapsulant (35). In use. the encapsulant (35) 
must remain under compression in the plane of the substrate to ensure that the 
capsules (85) remain in a prolate spheroid shape. 

0 Another way of achieving the above effect is to use a resilient substrate which can 
stretched prior to curing the encapsulant (35). In this embodiment of the present 
invention, the substrate is stretched prior to curing the encapsulant (35). The substrate 
is then allowed to contract after the encapsulant (35) has been cured. As before, the 
contraction of the substrate after curing leads to a compression of the encapsulant (35) 

15 m the plane of the substrate. This forces the capsules (85) In the encapsulant (35) .nto 
a prolate spheroid shape with the long axis perpendicular to the substrate. As before, a 
Silicone elastomer system, e.g. Dow Coming- Sylgard^ 182 may be used in this 
embodiment of the invention. Again, the encapsulant (35) must remain under 
• compression in the plane of the substrate to ensure that the capsules (85) remain m a 

20 prolate spheroid shape. 

A further technique for configuring the capsules (85) is to modify the properties of the 
dispersion after the bulk encapsulant has been cured. In this embodiment of the 
present invention, the dispersion is coated onto a substrate and the bulk encapsulant 
25 (35) is cured, thereby immobilising the capsules (85) and bonding with the substrate. 
Note at this stage the capsules (85) may be spheres or may be randomly oriented 
spheroids. It is possible that, during curing, the bulk encapsulant will shrink and this 
may force the capsules (85) in the encapsulant (35) into a prolate spheroid shape with 
the long axis parallel to the substrate. However, this non-preferred configuration of the 
capsules is immaterial at this intermediate processing stage. After curing, a suitable 
material is introduced into the bulk encapsulant (35). for example by diffusion, to 
expand the encapsulant (35). Since, during curing, the encapsulant (35) has bonded to 
the substrate, the encapsulant (35) can only expand in a direction substantially 
perpendicular to the plane of the substrate. Accordingly, the expansion of the 
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encapsulant (35) fon=es tt« capsules (85) into a protete spheroid shape wift the long 
axis perpendicular to the substrate. 

AS before, a thermal ourir^ lo« shrinkage elastic encapsuiant (35) may be used, for 
5 example a silicone elastomer system, e.g, Do» Coming* Sylgard* In the case of a 
silicone elastomer, a silicone oil may be diffused into the elastomer to cause the 
elastomer to expand. In pracUce, the step of diffusing the silicone oil into the cured 
silicone elastomer comprises soaking the elastomer In the silicone oil. A k>w molar 
mass slik»ne oil may be used to ensure good diffusion within the cured silicone 

10 elastomer. 

Referring to Figure 14. there Is shown a cross sectional schematic representation of a 
portion of a micro-encapsulated electrophoretic display (100) according to one aspe^ 
of the present invention. The micro-encapsulated electrophoretic display (100) 
comprises a plurality of liquid crystal droplets (30). each droplet hav.ng an 
electrophoretic particle disposed therein. The droplets (30) are encapsulated between 
two substantially parallel substrates (101a. 101b) using- an encapsuiant (35). In the 
particular configuration shown in Figure 14, the droplets (30) exhibit a prolate sphered 
configuration with the long axes of the droplets (30) ananged substantially orthogona 
to the substrates (lOOa.lOOb). The micra-encapsulated electrophoretic display (100) 
also comprises a plurality of strip like electrodes (102.103) arranged on the Internal 
surfaces of the substrates (lOla.lOlb). In use. the electrodes are used to apply eleclnc 
fields to the droplets (30) within the display (1 00). 

in the embodiment of the present invention shown in Figure 14. the electrodes (102. 
103) are arranged in rows and columns within the display (100). Specifically, the 
electrodes (102) adjacent the first substrate (101a) are arranged In rows and the 
electrodes (103) adjacent the second substrate are arranged in columns. Typically, the 
row electrodes (102) and the column electrodes (103) are arranged to be substantially 
30 perpendicular to each other. 

This arrangement of the electrodes in rows and columns provides a mati-ix of 
addressable picture elements (pixels) within the display (100). Each pixel is fomied by 
the intersection of a row electrode (102) and a column electrode (103). Each p«ce 
35 comprises at least one liquid crystal droplet (30) having an electrophoretic particle (6) 
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disposed e,e^^ Partide (6) »im,n «,s droplet (30) is 

by an elecMc pote*. appUed between the co^esponding ro. and ooiumn 
I that pixei. Accordingly, matrix addressing o. «,e pixels ^ In d«play 10 ,s 
facilitated. In practice, each pixel may comprise a plurality of such ^-P'^^'^"'^ 
5 thereby enabling each pixel to display a range of gray levels (gray scale). M leas^ «« 
of the electrodes (102.103) may be transparent in order that the underlyng droplet (30) 
; electrophoretlc particle (6) is visible. 

It should be noted that the liquid crystal droplets (30) shown In Figure 14 may compnse 
10 capsizes (85) dispersed in an encapsulant (35). Moreover, the 

elL>pho.«c dM^y (10O) may ^ <»nflgu«d such that the 1^ be^ Jhe 
■ substrates (101a,101b) is typically one or two capsules (85) deep (a single capsule 
depth is shown in Figure 14 for clarity). 

No^hstandlng the Inclusion of electrodes In «ie afo™men«oned •'^■ '^'^"^ 
encapsulated elecU*hore«c display described above may be ope^ted us,nB an 
electric potential applied to the display via electrodes external to the dev«e^ Further, 
me electric potential may comprise an electrostatic fleld applied externally to the devce 

via removable electrodes. 

For Clarity, it should be noted that in Figure 14 the electrophoretlc cells addressed-by 
.he flrs. elect.de (103) (those on the left ha.^ side of the display (1<X,)) a« sh^n 
fully switched whe^as the adjacent elec..«F*>oretlc cells addressed by the second 
electrode (103) are shown partially switched. In this manner In a range of grey levels 
25 are obtainable In the display (1 00). 

With regard to the types of dyes used in the embodiments of the present invention 
generai' all dyes which are soluble in liquid crystal are useful in the embedments of 
the present invention described herein. Further, any suitable combination of dyes may 
30 be used to create required colours in the device, for example black. 

A selection of dyes suitable for use in the embodiments of the present invention 
described herein Is identified in Table 3.0. 
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Cl Name 



FDA Name 



Solvent 
Violet 13 



D&C Violet 2 



Chemical Name 



T5iydroxy-4-[(4-methylphenyi)aminol-9.10- 
anthracenedlone 



Solvent 
Yellow 33 



D&C Red 17 



2-(2-quinolyl)-1 ,3-indandione 



Solvent 
Green 3 



D&C Green 6 K7016. l.4-bisl(4-methylphenyl)aminol-9.10- 



anttiracenedione 



Solvent 
Red 23 



D&C Yellow 1 1 K7064 1-I[4-(pheny lazo)phenyl]azo]-;^ naphthalenol 



Table 3.0 
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The foregoing embodiments of the phoretic display device according to the present 
invention have been described predominantly in temis of electrophoretic behaviour. 
However, as highlighted eariier. magnetophoretic behaviour is equally applicable to the 
embodiments described herein. Indeed magnetophoretic operation may be employed 
as a substitute for electrophoretic operation in the previous embodiments. Aitematively. 
magnetophoretic operation and electrophoretic operation may be used in combination 
to alter the display state of the devices described herein. 

,n order to incorporate magnetophoretic behaviour into any of the aforementioned 
embodiments merely requires use of a phoretic partide having magnetic or 
ferromagnetic properties. The phoretic particle would then respond to an applied 
magnetic field In a manner analogous to that described previously for an electnc field. 
For example, in a magnetophoretic display according to the present invention, the 
display state is switchable by app^ng a magnetic field of a given field strength to the 
display The magnetic field may be provided by a pem^anent magnet (e.g. in the fomn 
of a pen or stylus tipped with a magnet) or could be generated electromagnetically. As 
20 before, the phoretic particle would migrate within the device under tiie Influence of the 
applied field (albeit a magnetic field rather than an electric or electrostatic field as 
before). 

The ti^reshoidlng effects described previously, arising from the disdinations within the 
25 liquid crystal material (20). would operate in a magnetophoretic cell in a manner similar 
to that described earlier for electrophoretic cells. Accordingly, the advantages 
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Ignetophore^c dispU^ .n *e san,e way as ft>r an e.ec.™pho,«Uo d«play. 
5 Offers fu*er s«nch.ng con*ina«ons. For —J"* ^ " ^ , 

rpure.a.c^pf»ra«c..p.V. Moreover «o™a— 

:r:p::r™r:rzi^^^^^^^^ 

electrodes in the display and erasing the image one line at a time. 



